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PREFACE 

Civil  engineering,  even  in  its  more  restricted  signification  as  applied 
to  works   of  construction,  covers   such  a  wide  range  that  it  might 
reasonably  appear  somewhat  presumptuous  for  any  civil   engineer  to 
endeavour  to  deal  with  so  £air-reaching  a  subject,  more  especially  within 
the  limits  of  a  single  volume;    and  my  sole  excuse  for  making  the 
attempt  is  that  nearly  ten  years  ago  I  luiexpectedly  received  a  request 
from  Messrs.  Longmans  to  undertake  this  onerous  task.     Possibly  the 
publication  of  "Achievements  in  Engineering"  in  1891,  may  have  led 
to  the  request  being  addressed  to  me ;  but  that  book,  giving  descriptions, 
in  a  popular  form,  of  some  of  the  most  notable  engineering  works,  and 
only  touching  incidentally  upon  the  principles  involved  in  their  con- 
straction  for  the  sake  of  engineering  students,  was  totally  different  in 
scope  to  this  book,  which  treats  primarily  of  the  principles  involved  in 
the  various  branches  of  engineering  construction,  and  refers  to  a  great 
>"ariety  of  works  chiefly  with  the  view  of  illustrating  the  methods  by 
wliich  these  principles  receive  their  practical  application.     Descriptions 
of  a  few  important  engineering  works,  in  popular  language,  are  com- 
paratively easy  of  accomplishment ;    and  the  facility  with  which  the 
earlier  book  was  carried  out,  led  me  to  underrate  the  difficulties  and 
labour  inseparable  from  the  aims  of  the  present  book,  which,  had  I 
appreciated  them  at  the  time,  would   probably  have  decided   me   to 
decline  the  proposal.     Moreover,  the  leisure   at   my  disposal   proved 
much  less  than  I  had  anticipated ;  and,  owing  to  the  various  professional 
demands  on  my  time,  the  preparation  of  the  book  has,  to  my  regret, 
been  greatly  delayed,  so  that  at  times  I  almost  despaired  of  bringing  it 
)     to  a  conclusion ;  and  it  was  only  the  courteous  consideration  accorded 
^     me  by  Messrs.   Longmans,  and   their  strongly  expressed  wish  that   I 
should  not  relinquish  the  undertaking,  that  have  at  last  led  to  the  com- 
pletion of  the  book  according  to  the  scheme  originally  laid  down  by 
me.      The  long  delay,  however,  has  not  been  devoid  of  some  com- 
pensating advantages,  for  it  has  enabled  me  to  summon  to  my  aid  an 
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extended  experience  of  various  engineering  works  and  the  conditions 
for  their  application,  gained  in  the  interval,  not  merely  in  the  course  of 
my  ordinary  professional  avocations  in  England  and  Ireland,  but  also 
on  the  Continent  and  in  distant  countries.     Thus  a  professional  visit 
to  India  afforded  me  the  opportunity  of  passing  through  the  Suez  Canal, 
of  inspecting  Port  Said  Harbour,  of  spending  several  days  on  the  river 
Hiigli  and  its  estuary  and  viewing  the  inlet  from  the  Ganges  of  its 
principal  feeder,  and  of  studying  the  changes  the  river  has  undergone 
by  a  comparison  of  the  various  charts.     The  British  Association  Meet- 
ing at  Toronto,  which  I  attended  as  a  member  of  the  Coiuicil,  gave 
me  an  occasion  for  going  up  the  St.  Lawrence  to  Montreal,  of  seeing 
the  various  bridges  across  the  Niagara  Rapids  below  the  Falls,  and 
of  traversing  the  Canadian  Pacific  Railway  from  Toronto  to  Vancouver, 
and  back  to  Montreal.     Attendances,  also,  at  four  International  Navi- 
gation Congresses,  with  their  accompanying  visits  to  works,  within  the 
last  ten  years,  in  France,  Holland,  and  Belgium,  have  enabled  me 
to  visit  several  of  the  principal  navigation  and  maritime  works  in  those 
countries,  under  the  most  favourable  conditions,  in  company  with  the 
engineers  in  charge  of  the  works,  one  congress  alone,  held  in  Paris, 
having  led  to  visits  to  various  inland  navigation  works,  the  weirs  on 
the  Lower  Seine,  the  ports  of  Calais  and  Havre,  the  Furens  Reser- 
voir Dam,  the  Lyons  Cable  Railway,  the  Mulati^re  weir  on  the  Saone, 
the  regulation  works  along  the  Rhone  from  Lyons  nearly  to  its  outlet, 
the  St.  Louis  Canal  forming   the  navigable  outlet   from   the  Rhone, 
Marseilles  Harbour,  and  the  Marseilles  Cliff  Railway.     A  short  visit  to 
Chamonix  and  Switzerland  enabled  me  to  see  the  Chamonix  Railway 
then  in  course  of  construction,  and  specimens  of  the  Swiss  rack  and 
cable  railways;  whilst  my  duties  in  1900,  as  the  British  Member  of  the 
International  Jury  for  Civil  Engineering  at  the  Paris  Exhibition,  led  to 
my  receiving  particulars  about  several  large  works  in  progress  abroad, 
including  the  actual   condition   of  the   Panama   Canal   works.      The 
experience  thus  gained,  and  the  knowledge  thereby  acquired,  together 
with  the  information  derived  from  earlier  visits  to  works  abroad,  have 
enabled  me  to  deal  with  many  foreign  works  in  the  light  of  the  results 
of  personal  observation  and  intercourse  with  foreign  engineers. 

In  the  preparation  of  this  book,  besides  utilizing  the  above  sources 
of  information,  together  with  a  varied  professional  practice  which  has 
extended  over  a  period  of  thirty-six  years,  particulars  have  been 
gathered,  especially  as  regards  details  of  works,  from  the  most  reliable 
sources  available;  and  in  this  respect,  I  am  specially  indebted  to  the 
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Procee^ngs   of  the  Institution  of  Civil   Engineers  and   the    excellent 
technical  library  of  that  Institution.     Every  endeavour  has  been  made 
to  acknowledge  in  the  notes  the  source  from  which  any  information  or 
illustration  may  have  been  derived ;  and  in  many  instances,  owing  to 
the  necessarily  concise  character  of  the  descriptions  or  details  of  works, 
references  have  been  given  where  fuller  accounts  or  information  can  be 
found,  more  with  the  view  of  assisting  the  reader,  than  because  any 
acknowledgment  is  due.     On  accoiuit  of  the  number  of  subjects  which 
have  had   to   be  dealt  with,  and  the  restricted  space   available,  the 
descriptions  or  details  of  the  works  selected  as  examples  have  been 
limited  to  what  is  necessary  for  the  elucidation  of  the  subject  under 
consideration,  and  indications  of  the  practice  followed  in  actual  execution. 
The  classification  of  a  subject  under  various  headings,  has  often  led  to 
a  subdivision  of  the  descriptions  of  works  in  illustration  amongst  the 
several  headings  to  which  their  different  parts  relate,  as  specially  notice- 
able in  the  chapter  on  "  Ship-Canals  " ;  and  this  necessary  subdivision 
has  involved  the  preparation  of  a  full  index,  so  that  details  of  any 
particular   work,   scattered   over  some    pages   in   the    book,   may   be 
collected  together  under  the  heading  of  the  work  in  the  index,  with 
a  concise  indication  of  the  purport  of  each  reference.     Moreover,  by 
giving  the  purport,  as  well  as  the  page  of  each  reference  in  the  index, 
the  reader  is  saved  the  trouble  of  a  wearisome  search,  possibly  through 
several  pages,  before  the  required  reference  is  found. 

Care  also  has  been  taken  to  draw  the  illustrations,  as  far  as 
practicable,  to  simple  fractional  scales,  easily  comparable  with  each 
other,  so  that  the  relative  sizes  of  different  works  may  be  readily  per- 
ceived ;  and  where  several  illustrations  are  given  of  works  of  a  similar 
class,  such,  for  instance,  as  arched,  suspension,' girder,  and  cantilever 
bridges  respectively,  and  cross  sections  of  tunnels,  movable  weirs, 
canals,  dock  and  quay  walls,  breakwaters,  and  masonry  reservoir  dams, 
the  typical  examples  given  of  each  class  of  works  are  grouped  as  much 
as  possible  together,  and  drawn  to  the  same  scale  for  greater  facility  of 
comparison,  except  where  unusual  divergencies  of  size,  as  in  the  cases 
of  the  Brooklyn  and  Forth  bridges,  precluded  this  arrangement.  The 
numerous  illustrations  distributed  throughout  the  book  will,  I  trust, 
materially  aid  the  elucidation  of  the  principles  involved,  and  add  to  the 
intelligibility  and  interest  of  the  descriptions  of  works  ;  and  I  desire  to 
take  this  opportunity  of  acknowledging  the  care  my  assistant,  Mr. 
Edward  Blundell,  has  bestowed  on  the  preparation  of  these  illustrations, 
under  my  direction. 
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I  now  venture  to  submit  this  book,  the  product  of  much  time  and 
thought  spread  over  some  years,  to  the  generous  consideration  of  my 
professional  brethren,  both  British  and  foreign,  with  the  earnest  hope 
that,  in  spite  of  many  deficiencies,  of  which  no  one  can  be  more 
conscious  than  its  author,  it  may  prove  of  interest,  and  perhaps  of  some 
service  to  them,  in  view  of  the  concise  grouping  together  in  a  single 
volume  of  the  various  branches  of  constructive  civil  engineering,  and 
their  illustration  by  numerous  references  to  works,  and  may  also  to  some 
extent  assist  the  progress  of  engineering  science,  and  the  advance  of  the 
profession  to  which  all  engineers  are  so  proud  to  belong ;  and  in  that 
case,  I  shall  feel  that  my  time  and  labour  have  not  been  spent  in  vain. 
I  trust,  moreover,  that  the  book  may  be  of  considerable  value  to 
engineering  students,  in  directing  their  attention  to  the  principles 
forming  the  basis  of  design  and  construction  in  civil  engineering,  and 
in  indicating  the  different  ways  in  which  these  principles  have  been 
applied  to  actual  practice.  The  book  also,  I  venture  to  hope,  may 
prove  of  use  to  many  persons  who,  though  not  engineers,  are  concerned 
in  some  way  or  other  with  engineering  undertakings,  and  desire  to  gain 
some  insight  into  engineering  practice,  or  take  an  interest  in  engineering 
progress. 

L.  F.  VERNON-HARCOURT. 


6,  Queen  Anne's  Gate,  Westminster,  S.W., 
I2/A  December,  1901. 
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CHAPTER  I. 

INTRODUCTION. 

Objects  of  civil  engineering—  Scope  of  the  book — Relation  of  civil  engineering 
to  science — Mathematics  as  applied  to  civil  engineering — Physics  as 
applied  to  civil  engineering — Chemistry  in  relation  to  civil  engineering 
--Geology  in  relation  to  civil  engineering — Meteorology  in  relation  to 
civil  engineering  —  Remarks  on  the  scientific  requirements  of  civil 
engineers. 

Civil  engineering  was  defined  by  Thomas  Tredgold,  in  1828,  as  "the 
^  of  directing  the  great  sources  of  power  in  nature  for  the  use  and 
convenience  of  man."  The  epithet  civil  has  been  applied  to  this  great 
?cience  of  construction  in  order  to  distinguish  it  from  military  engineer- 
^1  to  which  its  main  objects  present  a  very  striking  contrast.  Military 
^^^ineering,  indeed,  is  concerned  with  provisions  for  the  attack  and 
^ence  of  fortresses,  and  the  defeat  of  opposing  armies ;  whereas  civil 
^^eering  is  directed  to  the  extension  of  the  means  of  communication 
^  commerce,  and  to  the  promotion  of  the  well-being  and  prosperity 
<>fmankmd. 

The  civil  engineer,  by  extending  railways  through  undeveloped  or 
"^rbarous  coimtries,  becomes  the  pioneer  of  progress  and  civilization  ; 
^  he  is  largely  instrumental  in  developing  the  intercourse  and  trade 
^communities  and  nations,  by  improving  rivers,  and  constructing  roads, 
^ways,  canals,  harbours,  and  docks.  Moreover,  the  civil  engineer, 
"y  canying  out  irrigation  works  in  hot,  dry  countries,  converts  arid 
^^ns  into  fertile  plains,  thereby  greatly  increasing  the  productiveness 
ofthese  districts,  and  averting  the  famines  resulting  from  a  deficiency 
^  rainfall.  Furthermore,  by  providing  an  ample  supply  of  good  water, 
^"d  efficient  sanitary  arrangements,  he  is  enabled  to  preserve  from 
ravaging  epidemics  and  untimely  death  the  vast  populations  which,  in 
Accent  years,  have  been  crowding  more  and  more  into  cities  and  towns. 

Scope  of  the  Book. — Civil  engineering,  in  its  widest  signification, 
comprises  a  great  range  of  subjects,  embracing  not  merely  works  for 
^eloping  means  of  communication,  for  facilitating  sea-going  trade, 
^ioi  securing  water-supplies  and  efficient  drainage  for  towns,  but  also 
inming  and  metallurgy ;  the  lighting  of  towns  with  gas  and  electricity ; 
^cgiaphic  and  telephonic  inter-communication;  the  construction  of 
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steam-engines,  other  forms  of  motors,  and  machinery  of  all  kinds ;  ship* 
building,  including  ironclads  and  swift  cruisers;  and  the  manufactme 
of  heavy  ordnance,  projectiles,  and  torpedoes.    Such  a  great  variety  of 
subjects,  however,  could  not  be  properly  dealt  with  by  a  single  authoti 
or  condensed  into  a  single  book.     Moreover,  the  vast  and  increasing 
develo])ment  of  engineering  science,  and  its  numerous  ramificatioDS 
have  necessarily  led  to  the  subdivision  of  engineering  into  different 
branches,  such  as  mechanical  engineering,  mining  engineering,  electrical 
engineering,  and  naval  architecture,  as  well  as  civil  engineering,  which 
is  more  and  more  being  employed  to  denote  the  special  constructive 
branch  of  engineering  as  distinguished  from  the  other  three.     It  is, 
accordingly,  proposed  to  deal  in  this  book  with  civil  engineering  in  its 
modern,  restricted  sense ;  and  even  in  this  limited  application  of  the 
term,  it  comprises  some  distinct  branches  which  are  often  regarded  as 
more  or  less  subdivisions  of  the  science,  such  as  railway,  (%nal,  river, 
maritime,  hydraulic,  and  sanitary  engineering,  though  much  less  distinctly 
separated  from   one  another  than  the  four  branches  of  engineering 
enumerated  above. 

Relation  of  Civil  Engineering  to  Science. — In  order  to  be 
able  to  direct  rightly  the  forces  of  nature  for  the  benefit  of  mankind,  it 
is  essential  to  possess  some  knowledge  of  the  principles  of  these  forces, 
which  have  been  long  studied  by  scientific  workers,  the  recorded 
results  of  whose  labours  are  termed  "  natural  science."  Civil  engineer- 
ing is,  accordingly,  based  primarily  upon  natural  science ;  and  it  may, 
indeed,  be  regarded  as  the  practical  application  of  the  discoveries  of 
science  for  industrial  purposes  and  the  general  well-being  of  the  human 
race.  It  is  evident,  therefore,  that  a  scientific  education  should  constitute 
an  indispensable  part  of  the  preliminary  training  of  every  person  who 
aspires  to  embrace  the  profession  of  a  civil  engineer.  Some  branches 
of  science,  however,  are  more  intimately  connected  with  the  problems 
involved  in  civil  engineering  than  others ;  and  their  relative  importance 
depends  upon  the  s[)ecial  branch  of  the  subject  to  which  a  civil  engineer 
may  have  occasion  to  devote  his  attention.  Mathematics,  physics, 
chemistry,  geology,  and  meteorology  find  practical  applications  in  the 
designs  and  works  of  civil  engineers ;  and  a  knowledge  of  the  general 
principles  of  some  of  these  sciences  is  an  invaluable  assistance  in  the 
succcessful  practice  of  civil  engineering.^  The  aims,  however,  and  the 
requisite  knowledge  of  the  man  of  science,  and  of  the  civil  engineer,  are 
essentially  different.  The  man  of  science  generally  devotes  himself 
to  the  minute  investigation  of  some  special  branch  of  one  of  these 
sciences,  with  which  long  study  has  rendered  him  intimately  familiar. 
The  civil  engineer,  on  the  contrary,  merely  needs  an  adequate  general 
aci^uaintance  with  these  sciences  to  be  enabled  to  select  those  portions 
of  the  discoveries  of  the  great  body  of  scientific  investigators,  which 
are  capable  of  useful  application  to  the  requirements  of  his  pro- 
fession. 

*  Report  of  the  British  Association^  1895,  Ipswich  Meeting,  President's  Address  to 
the  Mecnonical  Science  Section,  pp.  782-788. 
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Mathematics  as  applied  to  Civil  Engineering. — ^Trigonometry 

constitutes  the  basis  of  sun'eying  and  tacheometry,  which  are  employed 

ki  the  preliminary  examination  of  sites  before  works  are  imdertaken ; 

and  it  is  also  made  use  of  in  setting  out  the  lines  of  works  about  to  be 

carried  out.       Logarithms,   moreover,  are   useful  in  simplifying  the 

odcoiations    required  in  triangulation,  and    the   ranging  of   railway 

corves. 

Statics  supply  the  groundwork  for  the  design  of  bridges  and  other 
stractures,  by  determining  the  direction  and  amount  of  the  strains  at 
different  parts  of  the  structure,  which  would  result  from  the  loads  liable 
to  be  imposed  on  the  structures  after  their  erection.  Graphic  statics, 
however,  in  which  the  strains  are  represented  in  magnitude  and  direction 
by  lines  on  a  diagram,  have  to  a  great  extent  advantageously  superseded 
analytical  methods.  Hydrostatics  serve  for  the  calculation  of  the 
I^essures  to  which  reservoir  dams,  lock-gates,  and  weirs  are  exposed 
when  supporting  given  heads  of  water ;  and  hydrodynamics  deal  with 
the  general  laws  of  fluid  motion,  which,  however,  require  to  be  sup- 
plemented by  experiment  in  order  to  determine  with  accuracy  the  flow 
of  water  in  pipes  and  open  channels,  points  of  great  importance  in 
hydraulic  engineering. 

Geometrical  optics  are  utilized  in  determining  the  forms  to  be  given 
to  the  lenses  for  concentrating  the  rays  of  the  lamps  of  a  lighthouse  into 
a  single  beam  of  parallel  rays,  directed  to  the  required  quarter  of  the 
sea  for  giving  due  warning  to  vessels.  Astronomical  observations  have 
also  been  employed  to  enable  surveyors  to  determine  directions  when 
traversing  imexplored  regions.  .  Mathematics,  indeed,  enter  so  largely 
into  the  solution  of  problems  presented  in  the  various  branches  of  civil 
engineering,  that  no  engineer  would  be  justified  in  dispensing  with 
their  aid. 

Physics  as  applied  to  Civil  Engineering. — The  researches  of 
physics  have  such  an  intimate  connection  with  civil  engineering,  that 
they  in  reality  occupy  as  important  a  position  in  relation  to  it  as 
mathematics.  The  physical  properties  of  matter,  indeed,  cannot  be 
disregarded  by  the  civil  engineer.  He  has  to  provide,  in  his  designs 
of  large  structures,  for  expansion  by  heat  and  contraction  by  cold. 
The  feasibility  of  constructing  long  tunnels  under  high  mountains, 
depends  up)on  the  heat  which  is  liable  to  be  encountered  at  great 
dep>ths  below  the  surface ;  whilst  the  adoption  of  compressed  air  in  the 
advanced  headings  of  such  tunnels  has  greatly  facilitated  their  con- 
struction, by  serving  to  drive  the  perforators  for  drilling  holes  in  the 
hard  rock,  and  by  the  improved  ventilation  from  the  supply  of  air 
thereby  afforded.  Compressed  air  has  also  been  employed  for  many 
years  past  in  executing  subaqueous  foundations  with  the  same  security 
as  on  dry  land ;  and  this  system  has  been  more  recently  applied  to  the 
driving  of  tubular  tunnels  through  w^ater-bearing  strata.  Congelation  of 
the  soil  is  another  process  which  has  been  used  for  sinking  wells  through 
soils  charged  with  water  and  running  sand. 

The  properties  of  light  as  regards  its  visibility  at  considerable 
distances,  and  the  relative  penetration  of  different  kinds  of  light  through 
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fog,  have  to  be  considered  by  the  civil  engineer  with  reference  to  light- 
house illumination ;  and  investigations  in  acoustics  have  to  be  made  for 
determining  the  best  kind  of  sonorous  signal  for  giving  warning  of 
danger  in  foggy  weather.  A  just  appreciation,  indeed,  of  general 
I)hysical  considerations,  in  relation  to  ci\il  engineering,  appears 
to  be  indispensable  for  the  satisfactory-  prosecution  of  large  imder- 
takings. 

Chemistry  in  Relation  to  Civil  Engineering. — ^The  chemical 
constitution   of  various   materials  employed  in  construction  by  civil 
engineers,  furnishes  in  some  instances  important  evidence  as  to  their 
soundness.     The  presence  of  silicon,  sulphur,  and  phosphorus  in  iron 
and  steel  reduces   their  strength;    whereas  a  certain   proportion  of 
manganese  increases  the  hardness  of  the  metal ;  and  differences  in  the 
proportion  of  carbon  greatly  modify  the  quality  of  the  material.    The 
strength  and  durability  of  mortar  and  concrete  depend  greatly  upon 
the  chemical  composition  of  the  lime  or  cement  with  which  they  are 
made,  more  especially  when  employed  in  structures  in  the  sea.     The 
powerful  explosives,  also,  used  in  carrying  tunnels  through  hard  rock, 
and  in  blasting  rocky  shoals  under  water,  are  chemical  compounds, 
and    are    comparatively   recent    discoveries  as  compared  with    gun- 
])Owder. 

Chemical  processes  have  been  employed  in  the  numerous  efforts  to 
utilize  sewage  economically  for  agricultural  purposes;  and  chemical 
analysis  has  to  be  resorted  to  for  determining  to  what  extent  the  effluent 
water,  from  land  irrigated  with  sewage,  has  been  rendered  innocuous. 
Recourse,  moreover,  is  had  to  chemical  analysis  for  deciding  as  to  the 
adequate  purity  of  any  proposed  source  of  supply,  and  in  the  periodical 
testinu;  of  the  state  and  due  filtration  of  the  potable  waters  supplied 
to  towns. 

Geology  in  Relation  to  Civil  Engineering. — The  nature  of 
the  ground  to  be  excavated  in  ordinary  cuttings  for  railways  or  canals, 
is  generally  adequately  indicated  by  borings  or  trial  pits;  but  where 
the  cuttings  to  be  executed  are  very  deep  and  extensive,  and  rock  or 
treacherous  strata  are  liable  to  be  met  with  at  some  depth  below  the 
surface,  as  happens  occasionally  in  railway  works,  and  more  commonly 
in  the  construction  of  large  ship-canals,  some  knowledge  of  the  general 
geology  of  the  district  is  valuable.  Such  knowledge  becomes  of  much 
greater  importance  in  driving  long  tunnels  at  a  considerable  depth 
below  the  surface,  where  the  difficulties  to  be  encountered,  the  possible 
influx  of  large  volumes  of  water  during  construction,  and  the  cost  and 
period  required  for  the  work  greatly  depend  upon  the  nature  and  dip 
of  the  strata  to  be  traversed.  Geological  considerations  are  also 
important  in  judging  as  to  the  impermeability  of  a  site  proposed  for 
a  reservoir,  and  the  adequate  stability  of  the  foundation  for  a  reservoir 
dam ;  and  indications  of  the  thickness  of  water-bearing  strata,  their 
depth  below  the  surface,  their  dip,  and  the  extent  and  position  of  their 
outcrop,  as  well  as  the  prospect  of  fissures,  and  the  possibility  of  faults, 
are  of  the  utmost  importance  in  determining  the  position  where  a  deep 
well  for  water-supply  should  be  sunk,  the  depth  to  which  it  would 
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aire  to  be  carried,  and  the  probability  of  obtaining  a  suitable  supply 

irater. 

Meteorology  in  Relation  to  Civil  Engineering. — Gales  exert 

considerable  pressure  against  high  walls,  bridges,  and  roofs;   and 

erefore  a  knowledge  of  the  maximum  force  of  the  wind  in  different 

calities  is  important  in  designing  structures,  so  as  to  ensure  their 

ability  during  exceptional  storms.     The  maritime  engineer  has  to 

.scertain  the  direction  and  prevalence  of  the  strongest  gales  to  which 

lis  works  on  the  sea-coast  are  liable  to  be  exposed,  so  as  to  provide 

shelter  from  the  worst  quarters  by  works  of  requisite  stability ;  and  he 

should  also  know  the  general  direction  and  average  force  of  the  wind 

at  different  periods  of  the  year,  in  order  to  select  the  calmest  period 

of  the  year  for  the  prosecution   of  his   works.     In  localities  visited 

periodically  by  cyclones  or  earthquakes,  special  precautions  have  to  be 

adopted  to  prevent  the  structures  erected  from  succumbing  to  these 

calamitous  visitations. 

Observations  of  the  amount  and  distribution  of  rainfall  are  very 
valuable  for  hydraulic  engineers,  to  enable  them  to  determine  the 
minimum  flow  available  in  rivers  for  navigation  or  irrigation  in  the 
summer  or  the  dry  season,  and  the  maximum  discharge  for  which  an 
adequate  channel  has  to  be  provided  to  prevent  inundations.  The 
varying  influences  of  evaporation  and  percolation  in  reducing  the  actual 
amount  of  rainfall  available,  and  the  equalizing  effect  of  forests  and 
v^etation  on  the  flow  of  mountain  streams,  are  of  considerable  interest 
to  engineers  concerned  in  water-supply  and  river  works ;  and  meteoro- 
logical considerations  are  essential  for  forming  a  reliable  estimate  of  the 
average  amount  of  water  that  can  be  collected  for  distribution  from  a 
given  catchment  area. 

Remarks  on  the  Scientific  Requirements  of  Civil  En- 
gineers.— The  foregoing  observations  indicate  that  engineers  have 
numerous  opportunities  for  utilizing  the  researches  of  science  in  the 
practice  of  their  profession,  and  show  how  intimately  science  is  bound 
up  with  civil  engineering,  which  is  its  practical  exponent.  It  is,  more- 
over, evident  that  a  fair  knowledge  of  mathematics  and  physics,  in  their 
practical  aspects,  should  constitute  a  recognized  necessary  portion  of  the 
professional  equipment  of  every  civil  engineer ;  whilst  some  acquaintance 
with  chemistry,  geology,  and  meteorology  is  desirable,  and  in  some 
branches  essential,  for  the  intelligent  and  systematic  carr>'ing  out  of 
civil  engineering  works.  An  engineer  cannot  devote  sufficient  time  to 
become  very  proficient  in  one  or  more  of  the  sciences  enumerated, 
except  under  exceptionally  favourable  conditions  in  his  preliminary 
education ;  but  a  general  scientific  training  furnishes  the  most  valuable 
preparation  for  a  profession  which  deals  with  the  practical  applications 
of  science  ;  and,  other  conditions  being  equal,  those  civil  engineers  will 
be  the  best  qualified  for  the  successful  pursuit  of  their  profession,  and 
the  advancement  of  the  science  of  civil  engineering,  who  have  been 
most  thoroughly  trained  in  the  principles  of  science,  and  have  become 
imbued  with  scientific  methods  of  observation  and  inquiry.  In  com 
plicated  or  abstruse  cases,  a  civil   engineer  should    necessarily  see! 
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the  assistance  of  a  scientific  expert ;  but  it  is  necessary  that  he  shoul 
understand  the  principles  of  the  particular  science  involved,  in  ord 
to  appreciate  properly  the  views  of  his  adviser ;  and  an  engineer  w 
be  less  liable  to  errors,  and  better  able  to  utilize  fully  the  results 
scientific  investigations,  in  proportion  as  he  has  a  clear  insight  into  tl 
principles  of  the  sciences  which  he  is  called  upon  to  apply  for  the  bene 
of  mankind. 
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CHAPTER   II. 
MATERIALS  EMPLOYED  IN   CONSTRUCTION. 

Choice  of  materials — Materials  used  in  works — Timber :  sources  and  objects, 
nature,  protection,  uses,  strength  of  various  kinds — Fascines:  uses, 
construction,  mattresses — ^Building-stone :  principal  kinds  ;  from  primi- 
tive rocks,  special  uses  ;  sandstones,  nature  and  uses ;  limestones,  forms 
and  qualities;  strength  of  different  kinds— Bricks:  conditions  of  use 
and  advantages,  composition  and  manufacture,  form  and  qualities, 
strength — Iiimes :  ordinary,  sources  and  uses  ;  hydraulic,  composition 
and  advantages — Cements :  natural,  sources  ;  artificial,  introduction  ; 
slag  cement,  composition ;  Portland  cement,  composition,  fineness, 
strength,  tests — ^Mortars:  proportions  of  ingredients,  manufacture, 
strength,  remarks — Concrete:  importance,  composition,  proportions  in 
blocks,  bags,  and  mass ;  forms  and  uses,  mixing  and  depositing, 
advantages  of,  in  mass,  effect  of  sea-water — Iron  and  Steel :  differences 
in  composition  ;  cast  iron,  uses  and  strength,  disadvantages ;  wrought 
iron,  uses  and  advantages ;  steel,  manufacture,  advantages,  strength, 
uses — Safe  Strains  on  Materials :  limit  of  elasticity  ;  dead  and  moving 
loads  ;  stresses  allowed  on  structures  ;  wind-pressure  and  snow. 

The  duty  of  a  civil  engineer  is  to  carry  out  the  works  entrusted  to  him 
*ith  the  most  suitable  materials,  and  in  as  economical  a  manner  as 
practicable,  consistently  with  efficiency  and  stability.  The  materials 
employed  should  therefore  depend,  not  merely  on  the  nature  of  the 
^ork,  but  also  on  the  conditions  of  the  site,  and  the  materials  most 
readily  available  in  the  locality. 

Materials  used  in  Works. — The  materials  commonly  employed 

by  civil   engineers  are  timber,  fascines,  stone,  bricks,   lime,  cement, 

mortar,  concrete,  iron,  and  steel,  as  well  as  various  substances  in  their 

natural  condition,  such  as  sand,  gravel,  shingle,  rubble  stone  of  different 

kinds,  chalk,  and  clay.     In  some  cases,  inspection  by  an  experienced 

person  is  sufficient  to  determine  whether  the  materials  are  suitable  for 

the   particular    purpose.      Mechanical    tests,   however,   and   in   some 

instances   chemical  tests  also,  are  required  to  secure   that  materials 

employed  in  construction  are  up  to  the  required  standard  of  strength 

and  durability,  as  in  the  case  of  cement,  iron,  and  steel ;  whilst  where 

high  pressures  are  liable  to  be  reached,  and  the  slightest  failure  might 
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lead  to  disastrous  results,  as  for  instance  in  high  reservoir  dams,  the 
stone,  bricks,  mortar,  and  concrete  have  to  be  subjected  to  tests. 

Timber. 

The  timber  usually  employed  in  permanent,  as  well  as  temporar)', 
works  is  fir,  obtained  from  the  large  forests  of  Northern  Europe  and 
America,  as  it  is  generally  the  cheapest  wood  of  adequate  size,  and  is 
more  easily  worked  than  hard  wood.  Where,  however,  hard-wood  trees 
abound,  or  in  positions  where  the  timber  is  specially  exposed  to  wear 
and  tear,  or  to  other  sources  of  injury  or  decay,  hard  woods  are  adopted. 
Thus  fenders  put  along  jetties,  piers,  and  quays,  against  which  vessels 
rub,  and  the  wedges  used  for  fixing  rails  in  chairs,  are  made  of  hard 
wood;  and  greenheart,  from  British  Guiana,  has  been  extensively 
employed  for  dock-gates  and  jetties  exposed  to  the  ravages  of  the 
teredo,  which  is  found  in  salt  water,  and  soon  honeycombs  most  sorts 
of  timber  when  immersed  in  sea-water. 

Nature  of  Timber. — Timber  should  be  compact,  free  from  cracks, 
shakes,  hollows,  knots,  and  other  defects,  and  should  be  procured  from 
trees  cut  down  in  their  prime,  and  at  the  period  of  the  year  when  most 
devoid  of  sap.  Most  varieties  of  timber,  and  particularly  soft  woods, 
tend  gradually  to  decay  when  exposed  to  the  weather,  more  especially 
in  positions  where  they  are  alternately  wet  and  dry,  as  at  the  surface  of 
the  ground  or  when  standing  in  water  varying  in  level ;  whereas  timber 
buried  in  the  ground,  or  always  under  water,  remains  sound  for  a  long 
period.  Sap  in  timber  is  liable  to  cause  decay  by  its  decomposition ; 
and  the  seasoning  of  timber  by  the  removal  of  its  moisture,  can  be 
effected  either  naturally  by  long  exposure  to  a  current  of  air  under 
shelter,  or  artificially  by  subjecting  it  to  a  current  of  hot  air.  Teak, 
oak,  greenheart,  ironbark,  and  jarrah  are  some  of  the  most  durable  and 
strongest  woods;  whilst  larch  and  pitch  pine,  though  decidedly  less 
durable  and  less  strong,  are  superior  in  these  respects  to  red  pine  and 
spruce,  but  more  difficult  to  work. 

Protection  of  Timber. — ^Timber  must  be  thoroughly  dried  before 
being  protected  externally  by  paint  or  tar,  otherwise  the  imprisoned 
moisture  rots  the  wood.  A  more  effective  method,  however,  of  pro- 
tecting timber  exposed  to  the  weather  or  damp,  consists  in  thoroughly 
filling  up  the  pores  of  the  wood  with  some  preservative  liquid,  such  as 
creosote,  mercuric  or  zinc  chloride,  or  copper  sulphate,  thereby  pre- 
cluding the  entrance  of  moisture.  Zinc  chloride  or  copper  sulphate  is 
sometimes  injected  on  the  spot  into  recently  felled  trees,  thus  expelling 
the  sap  directly ;  but  by  the  ordinary  process,  the  liquid  is  forced  under 
pressure  into  the  seasoned  timber,  for  which  purpose  creosote  is  ver)' 
extensively  employed. 

Uses  of  Timber. — Timber  is  largely  used  for  jetties,  landing- 
places,  floors,  roofs,  and  sleepers,  and  also  for  bridges  and  viaducts 
where  economy  is  a  paramount  consideration,  as  in  the  extension  of 
railways  through  undeveloped  countries  where  wood  is  abundant ;  but 
though  numerous  timber  bridges  were  erected  in  the  first  instance  on 
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Ibe  Great  Western  Railway,  timber  is  only  now  used  for  such  structures 
under  exceptional  conditions.  Owing,  also,  to  the  attacks  of  the  white 
ant,  wood  has  been  abandoned  for  sleepers  in  some  tropical  countries. 
Moreover,  though  greenheart  is  found  to  resist  successfully  the  attacks 
of  the  teredo  in  temperate  seas,  it  is  liable  to  be  injured  by  them  in 
tropical  waters,  as,  for  instance,  in  the  River  Hugli  at  Calcutta;  and  the 
immunity  of  jarnih  under  such  conditions,  which  has  been  suggested 
as  a  substitute,  has  not  been  proved.  In  France,  wooden  dock-gates, 
exposed  to  sea-water,  have  been  protected  by  studding  them  all  over 
wii  laige-headed  nails. 

Strength  of  Timber. — Timber  possesses  about  double  the  strength 
in  tension  that  it  has  in  compression ;  and  most  of  the  Australian  hard 
woods  are  about  twice  as  strong  in  tension  as  red  pine  and  spruce,  the 
former  possessing  an  average  tensile  strength  of  over  9  tons  per  square 
inch,  and  the  latter  about  4 J  tons.^  The  strength  of  timber  in  com- 
pression, being  less  than  in  tension,  is  the  most  important  factor  in 
timber  constructions ;  and  compressive  tests,  moreover,  are  the  most 
reliable  for  ascertaining  the  quality  of  the  timber.  The  crushing 
strength  of  white  pine  is  between  i  ton  and  i  ton  per  square  inch ;  of 
I)anzig  fir  and  yellow  pine,  f  ton  to  2  tons ;  of  English  oak,  i  J  tons ;  of 
pilch  pine,  about  2  tons ;  of  Norway  spruce,  nearly  2^  tons ;  of  Oregon 
pine,  nearly  3  tons ;  of  Australian  hard  woods,  from  2  to  4  tons ;  *  and  of 
greenheart,  about  4  tons  per  square  inch.  The  shearing  strength  along 
the  fibres  has  been  found  to  range,  in  American  timbers,  from  between 
'53  and  374  lbs.  per  square  inch  for  spruce,  up  to  between  726  and 
999  lbs.  for  red  oak ;  and  in  Australian  timbers,  from  between  1000  and 
2100  lbs.  per  square  inch  for  gum,  up  to  between  2000  and  2700  lbs. 
for  blackwood.  The  coefficient  of  the  bending  strength,  or  modulus  of 
njpture  of  timber  beams,  is  about  2  tons  per  square  inch  for  Danzig  fir, 
Baltic  red  pine,  and  American  spruce  and  white  pine ;  3  tons  per  square 
'nch  for  Swedish  and  Russian  pine,  and  American  yellow  pine ;  about 
43  tons  for  English  oak ;  and  it  ranges,  in  the  hard  woods  of  Australia, 
from  about  3  tons  for  the  red  gum  of  South  Australia,  up  to  8  tons  per 
■^uare  inch  for  ironbark  and  the  spotted  gum  of  Queensland.^ 

Fascines. 

Uses  of  Fascines. — When  a  road  or  railway  has  to  be  carried 
across  a  soft  marsh  or  a  bog,  or  when  protection  works,  training  works, 
or  dams  have  to  be  carried  out  in  rivers  at  places  where  stone  is 
diflicult  to  procure,  faggots  of  wood  or  fascines  are  employed.  For 
instance,  the  Liverpool  and  Manchester  Railway  was  carried  across 
Chat  Moss  by  laying  a  number  of  bundles  of  brushwood  across  the 
bog  along  the  line  of  the  railway,  which  served  to  support  the  railway 
n  crossing  the  soft  marshy  ground ;  *  and  fascines  are  extensively  used 
n  river  works  in  Holland  and  the  United  States. 

'  **  Engineering  Construction  in  Iron,  Steel,  and  Timber,"  W.  II.  Warren,  p.  24. 
'  Ibid.^  p.  26.  '  Ibid,,  p.  30. 

Lives  of  the  Engineers,'*  Samuel  Smiles,  vol.  iii.  p.  224. 
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Construotion  of  Fascines  and  Mattresses.  —  Fascines  are 
ordinarily  formed  of  a  bundle  of  five  or  six  sticks  or  pieces  of  brush- 
wood, about  7  to  1 1  feet  long,  bound  firmly  together  near  each  end  by 
an  osier.      Recently-cut  willow  furnishes  the  best  material;   but  the 
brushwood  of  other  trees,  such  as  oak,  hazel,  ash,  and  alder,  is  also 
employed.     The  fascines  are  fixed  in  position  by  pegs  or  stakes,  and 
are  weighted  with  stones,  bricks,  or  clay.     For  large  works  in  rivers,  die 
fascines  are  laid  together  in  rows  for  three  or  more  layers,  connected 
together  by    strong  intertwined  bands    of  fascines  to  form  a  large 
mattress,  the  layers  being  fastened  together  by  stakes  driven  down 
through  the  interstices  of  the  upper  network  and  round  the  edges  of 
the  mattress,  and  joined  together  by  bands  of  interwoven  sticks.    The 
mattress,  on  completion,  is  launched  from  the  bank,  towed  into  position, 
and  sunk  by  being  loaded  with  rubble  stone  thrown  out  from  boats 
alongside.     In  constructing  dams,  training  walls,  or  jetties,  several 
rows  of  mattresses  are  laid  one  over  the  other  till  the  desired  height 
is  reached,  the  mound  thus  formed  being  capped  with  stone  pitching 
or  concrete  blocks.     The  silt  deposited  by  the  river  in  the  interstices  of 
the  mattresses,  and  over  the  surface  of  the  mound,  protects  the  fascines 
from  decay. 

Building-stone. 

The  employment  of  stone  in  engineering  works  depends  on  the 
accessibility  and  nature  of  the  stone  in  the  neighbourhood  of  the  works. 
If  stone  is  readily  available,  is  durable,  and  fairly  easily  dressed,  it  is 
naturally  used  extensively ;  but  when  the  stone  is  very  hard,  or  has 
to  be  procured  from  a  distance,  in  the  first  case  it  is  only  used  for 
spe(  ial  ])urposes,  or  as  rough  walling  or  backing,  and  in  the  second 
case  brickwork  or  ( oncrete  generally  proves  preferable.  Granite, 
sandstone,  and  limestone  are  the  principal  kinds  of  stone  used  in 
construction. 

Stones  from  Primitive  Rocks. — Granite,  though  very  valuable 
for  certain  classes  of  work  where  great  hardness  and  durability  are 
essential,  as  for  the  sills  and  hollow  quoins  of  large  locks,  the  coping  of 
docks,  the  voussoirs  of  large  arched  bridges,  and  the  bed  stones  of 
large  girders  or  columns,  the  difficulty  of  working  it  and  its  consequent 
cost  render  it  unsuitable  for  ordinary  masonry.  Other  igneous  rocks, 
such  as  gneiss,  whinstone,  trap,  and  basalt,  are  used  to  some  extent  for 
masonry  in  the  districts  where  they  are  found;  but  gneiss  is  more 
specially  suited  for  flagstones,  and  the  others  for  paving  and  metalling 
roads,  on  account  of  their  hardness  and  durability,  and  the  small  blocks 
in  which  they  are  generally  found.  The  igneous  rocks  are  particularly 
durable,  owing  to  their  compactness  and  consequent  imi>erviousness  to 
water  ;  and  they  are  specially  adapted  for  bearing  high  pressures,  heavy 
weights,  and  great  wear  and  tear. 

Sandstones. — Sandstones  consist  of  grains  of  quartz  cemented 
together  into  a  solid  mass  by  a  substance  of  variable  composition,  upon 
the  durability  of  which  the  value  of  the  stone  depends.    When  the 
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cementing  substance  consists  mainly  of  silica,  mica,  or  hard  felspar,  the 

sandstone  is  hard  and  durable ;  but  when  it  is  composed  of  alumina  or 

oxides  of  iron,  the  sandstone  is  softer  and  more  liable  to  disintegration. 

When  calcium  carbonate  forms  the  cementing  material,  the  sandstone 

can  be  easily  sawn  and  worked,  but  it  is  somewhat  readily  injured 

bj  the  weather.^    Sandstones,  accordingly,  vary  considerably  in  their 

qualities,  some  of  the  best  for  building  being  the  millstone  grit,  the 

sandstones  of  the  coal-measures,  and  Uie  red  sandstones.    They  are 

largely  used  for  facework  and  ashlar  masonry,  on  account  of  the  facility 

with  which  they  are  dressed. 

Limestones. — Calcium  carbonate  forms  the  main  ingredient  of 
limestones,  which  vary  considerably  both  in  composition  and  quality, 
the  hardest  forms  being  marble,  which  is  an  almost  pure  crystallized 
calcium  carbonate,  and  dolomite,  which  is  a  double  carbonate  of 
calcium  and  magnesium.  Oolitic  limestones  vary  greatly  in  durability, 
some  forms  being  subject  to  rapid  decay;  whereas  Portland  stone  is 
durable,  and  also  some  varieties  of  Bath  stone,  which  are  easily  worked 
and  harden  by  exposure  to  the  air,  though  others  readily  disintegrate. 
There  are  also  shelly  limestones,  of  which  Purbeck  limestone  is  an 
instance,  being  largely  composed  of  small  shells.  As  a  rule,  limestones 
are  softer,  absorb  more  water,  and  are  more  subject  to  injury  from  the 
weather  than  sandstones. 

Strength  of  Bnilding-stones. — In  practice,  masonry,  brickwork, 
and  concrete  are  almost  always  wholly  subjected  to  compressive  strains, 
for  mortar  is  incapable  of  undergoing  tensional  strains  of  any  impor- 
tance; and  therefore  only  the  crushing  strength  of  stone  has  to  be 
ascertained,  as  well  as  its  relative  impermeability  to  the  absorption  of 
water,  which  furnishes  some  measure  of  its  durability,  though  this  and 
its  rate  of  wear  are  matters  which  are  largely  based  on  experience. 
Granite  and  Italian  white  marble  possess  a  very  similar  compressive 
strength  of  about  1400  tons  per  square  foot,  whilst  in  basalt  and  slate  it 
averages  about  1200  tons;  whereas  the  compressive  strength  of  sand- 
stones ranges  from  about  700  to  260  tons,  and  of  the  better  class  of 
limestones,  from  about  600  to  200  tons  per  square  foot.^  The  per- 
centage of  water  absorbed,  which  is  under  i  per  cent,  for  granite,  whin- 
stone,  slate,  and  marble,  amounts  to  between  3^:  and  10  per  cent,  for 
sandstones,  and  between  5^  and  1 2  J  per  cent,  for  limestones. 

Bricks. 

When  a  district  is  devoid  of  stone,  and  clay  is  obtainable,  brick- 
work is  commonly  employed  in  place  of  masonry  for  constructive  pur- 
poses. Brickwork  possesses  the  advantages  of  being  carried  out  with 
less  skilled  labour,  and  with  lighter  staging,  termed  scaffolding,  than 
masonry,  as  no  dressing  is  required,  and  no  heavy  weights  have  to  be 
lifted  and  put  in  position.     On  the  other  hand,  there  are  many  more 

>  ••  Chemistry  for  Engineers  and  Manufacturers,"  B.  Blount  and  A.  G.  Bloxam, 
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joints  in  brickwoik  dian  in  masooiy,  necessitatii^  the  use  of  more 
mortar,  and  affording  much  less  bond  in  the  vork,  iHiicfa  is  sometimes 
compensated  for  by  the  insertioo  of  loi^  strips  of  iron  at  intervals  along 
some  of  the  joints,  an  arrangement  known  as  hoop4ron  bond. 

Composition  of  Bricks. — Claj  containing  some  sand,  or  pure 
clay  mLxal  with  about  a  fourth  of  its  Tolame  of  sand,  is  used  for  the 
manufacture  of  bricks,  the  usual  composition  of  the  material  being 
chiefly  silicate  of  alumina  and  silica  in  the  form  of  sand,  combined 
generally  with  lime,  pota^  and  magnesia,  together  with  some  ferric 
oxide,  which,  when  present  in  a  fair  proportion,  gives  a  red  colour  to 
the  bricks.  The  bricks  are  manufactured  by  making  the  mixture  of 
clay  and  sand  into  a  paste  with  water,  which  is  then  moulded  into  bricks ; 
and  the  bricks  are  burnt  in  clamps  or  stacks,  or  in  kilns.  There  are 
various  ikinds  of  bricks,  as  their  colour,  porosity,  weight,  and  strength 
depend  upon  the  composition  of  clay,  loam,  or  marl  from  which  they 
are  manufactured.  Gault  clay,  containing  25  per  cenL  of  calcium 
carbonate,  forms  a  close,  light-coloured  brick,  suitable  for  facework; 
and  pressed  bricks  are  also  used  for  the  same  purpose.  The  hardest 
and  strongest  bricks  are  made  from  a  highly  ferruginous  clay,  and  are 
generally  known  as  Staffordshire  blue  bricks,  which  are  much  less  porous 
than  ordinary  bricks. 

Form  and  Qualities  of  Bricks. — ^The  dimensions  of  ordinary 
bricks,  including  the  thickness  of  the  joints,  are  9  inches  long,  4^  inches 
wide,  and  3  inches  high.  They  are  generally  laid  in  alternate  rows  of 
headers  and  stretchers  on  the  outside  in  large  engineering  structures, 
for  the  sake  of  bond ;  and  the  best  bricks,  or  sometimes  special  bricks, 
are  laid  along  the  face.  Hand-made  bricks  are  generally  formed  with 
a  hollow  in  the  top,  which  keys  the  bricks  into  the  mortar. 

Bricks  when  knocked  together  should  give  a  sort  of  metallic  ring, 
and  when  broken  across  should  exhibit  a  compact  uniform  texture,  quite 
free  from  iron  pyrites,  and  any  lumps  of  lime,  which  in  slaking  would 
crack  the  brick.  Bricks  weigh  from  about  6  to  10  lbs.,  according  to 
their  quality,  some  being  so  porous  as  to  absorb  a  fifth  of  their  weight 
of  water ;  whilst  others,  such  as  blue  bricks,  are  so  compact  that  they 
absorb  hardly  any  water.  Ordinary  bricks  in  hot,  dry  weather  should  be 
wetted  just  before  being  laid,  as  this  promotes  the  adherence  of  the 
mortar.  Smooth,  compact,  non-porous  bricks,  like  blue  bricks,  should 
be  laid  in  cement  mortar  or  neat  cement,  as  ordinary  lime  mortar  does 
not  adhere  firmly  enough  to  their  smooth,  impervious  surfaces. 

Strength  of  Bricks.— The  ordinary  yellow  London  stock  bricks 
have  an  average  crushing  strength  of  about  120  tons  per  square  foot ; 
gault  bricks,  180  tons;  glazed  bricks,  170  tons;  Leicester  pale  red 
bricks,  280  tons ;  and  Staffordshire  blue  bricks,  564  tons  per  square 
foot.^ 

Limes. 

Limes  employed  with  sand  for  making  mortar,  may  be  divided 
into  two  classes,  namely,  ordinary  lime  obtained  by  calcining  pure 
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limestones,  and  hydraulic  lime  made  from  limestones  containing  clay  or 
other  substances,  such  as  are  found  in  the  Lias  formation. 

Ordinaxy  Lime. — Common  lime  is  obtained  by  calcining  limestone 

composed  almost  wholly  of  calcium  carbonate,  such  as  chalk,  marble,  and 

some  oolitesy  resulting  in  the  expulsion  of  the  carbonic  acid  and  water. 

The  quicklime  thus  formed  slakes  when  mixed  with  water,  producing 

calcium  hydrate,  which  gradually  hardens  in  the  air  by  drying  and  the 

absorption  of  carbonic  acid,  a  change  termed  setting.  This  class  of  lime, 

however,  does  not  set  at  all  under  water,  and  is  therefore  only  suitable 

for  structures  out  of  the  reach  of  water.     It  is  largely  used  for  ordinary 

building  operations,  owing  to  its  furnishing  the  cheapest  form  of  mortar, 

such  as  greystone  lime  mortar  in  London ;  and  the  addition  of  sand  to 

the  lime  in  making  mortar,  by  exposing  a  much  larger  surface  of  lime, 

facilitates  the  absorption  of  carbonic  acid  from  the  air,  and  consequently 

hastens  the  setting. 

Hydranlic  Lime. — Lias  lime  in  England,  Aberthaw  lime  in 
Wales,  Theil  lime  in  France,  and  other  limes  of  similar  character,  con- 
taining 10  to  30  per  cent,  of  clay,  other  silicates,  and  sometimes  certain 
other  substances,  in  addition  to  calcium  carbonate,  are  able  to  set  under 
water,  and  have  therefore  been  employed  for  hydraulic  works.  These 
limes,  accordingly,  are  more  generally  serviceable  than  ordinary  limes, 
but  they  are  also  usually  somewhat  more  costly. 

Cements. 

WTien  water-tightness,  rapid  setting,  or  special  strength  are  requisite, 
cements  are  employed  instead  of  lime.  Some  cements  are  obtained 
from  limestones  containing  between  20  and  40  per  cent,  of  clay ;  whilst 
other  cements  are  manufactured  by  mixing  the  suitable  ingredients 
l>efore  burning,  in  the  proportions  which  experience  has  shown  to  be 
satisfactory.     There  are,  therefore,  natural  and  artificial  cements. 

Natural  Cements. — The  materials  from  which  natural  hydraulic 
cements  are  obtained,  consist  of  nodules  found  in  the  London  clay  and 
other  beds,  and  thin  strata  interspersed  amongst  hydraulic  limestone 
beds. 

Roman  cement,  the  best  known  of  these  natural  cements,  was  dis- 
covered in  1796,  and  is  formed  by  calcining  nodules  found  on  the 
island  of  Sheppey,  at  Harwich,  and  other  places,  containing  about  66 
per  cent,  of  calcium  carbonate,  25  per  cent,  of  clay,  and  some  ferrous 
oxide.  It  sets  quickly,  and  therefore  is  very  useful  as  a  protection  for 
the  face-joints  of  tidal  work  in  exposed  situations ;  but  its  ultimate 
strength  is  only  between  one-half  and  one-third  that  of  Portland  cement.^ 
The  cement  should  be  used  soon  after  its  manufacture,  for  exposure  to 
the  air  soon  reduces  its  strength. 

Medina  cement,  another  quick-setting  hydraulic  cement,  obtained 
from  septaria  procured  from  the  Isle  of  Wight,  the  bed  of  the  Solent, 
and  Hampshire,  has  been  used  for  tidal  work.     It  is  very  similar  to 

*  Proceedings  lust,  C.E.y  vol.  xx\ii.  pp.  280  and  281. 
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Roman  cement,  but  contains  rather  more  lime ;  and  though  it  apparently 
reaches  its  maximum  strength  somewhat  sooner  than  Roman  cement,  it 
is  liable  to  deteriorate  in  course  of  time,  which  is  a  fatal  objection  to 
its  use  in  permanent  works  exposed  to  the  sea. 

Certain  volcanic  earths,  consisting  very  largely  of  clay  which  has 
been  subjected  at  some  period  to  heat,  possess  the  property  of  con- 
verting ordinary  limes  into  a  sort  of  hydraulic  cement  when  mixed  witl» 
them ;  such,  for  instance,  as  pozzolana,  found  at  Pozzuoli  near  Vesuvius, 
and  trass,  obtained  on  the  sites  of  extinct  volcanoes. 

Artificial  Cements. — In  1824  it  appears  to  have  been  first  dis- 
covered that  a  cement  could  be  manufactured  from  a  mixture  of  chalk 
and  clay,  which  was  called  Portland,  from  the  supposed  resemblance 
of  the  blocks  made  with  it  to  Portland  stone.  Portland  cement,  how- 
ever, was  not  extensively  used  for  many  years  after  its  discovery,  being 
only  gradually  adopted  for  dock  and  harbour  works  on  the  south  coast 
of  England  and  on  the  continent,  till  numerous  systematic  tests, 
commenced  in  1858,  led  to  its  use  for  the  main  drainage  works  of 
London ;  and  these  trials  having  resulted  in  great  improvements  in  the 
quality  of  the  cement,  and  increased  reliance  in  its  soundness,  its 
employment  has  been  extended  to  most  classes  of  works  where  Roman 
cement  and  hydraulic  limes  were  formerly  used. 

Slag  cement  is  another  artificial  cement  which  has  occasionally 
been  used.  It  is  made  by  granulating  slag  from  the  blast  furnaces  by 
chilling  it  in  water,  and  then  grinding  it  with  lime,  to  which  it  imparts 
hydraulic  properties.  Slag  cement  contains  rather  less  than  50  per 
cent,  of  lime,  in  place  of  about  60  per  cent,  contained  in  Portland 
cement ;  but  it  contains  rather  more  silica,  and  considerably  more 
alumina  and  oxide  of  iron  than  Portland  cement.  Slag  cement,  how- 
ever, though  it  has  been  used  for  concrete  deposited  under  water  in 
some  harbour  works,^  sets  slowly  as  compared  with  Portland  cement, 
and  does  not  increase  in  strength  as  quickly.  More  uncertainty,  more- 
over, has  been  experienced  hitherto  as  to  the  quality  of  the  cement 
produced  by  this  process,  than  in  the  now  well-understood  manufacture 
of  Portland  cement 

Portland  Cement. — Great  attention  has  been  paid  to  the  manu- 
facture of  Portland  cement  for  many  years  past,  and  to  the  tests 
requisite  to  ensure  that  any  unsoundness  or  deficiency  in  strength  of 
the  cement  shall  be  detected  before  it  is  used  Portland  cement  is 
commonly  made  by  an  intimate  mixture  of  clay  and  chalk,  varying  in 
proportion  from  about  3  of  clay  and  7  of  chalk,  to  i  of  clay  and  4  of 
chalk,  according  to  the  differences  in  constitution  of  these  substances, 
which  is  afterwards  burnt  in  a  kiln,  whereby  the  water  and  car- 
bonic acid  are  driven  off,  and  the  calcium  carbonate  is  converted  into 
quicklime,  which,  decomposing  the  clay,  forms  calcium  silicate  and 
calcium  aluminate,  of  which  the  clinkered  cement  should  chiefly  consist.* 
Clay  consists  almost  wholly  of  silicate  of  alumina,  and  chalk  of  calcium 

*  Proceedings  Inst,  C,E.^  vol.  cv.  pp.  234  and  235. 
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carbonate,  which  together,  after  burning,  fonn  Portland  cement,  which 
Jbould  be  composed  of  about  6i  per  cent,  of  lime,  23  per  cent,  of 
alica,  10  per  cent,  of  alumina,  2  to  3  per  cent,  of  oxide  of  iron,  and  not 
more  than  2  to  3  per  cent,  of  magnesia.  Similar  cements  can  also  be 
inade  from  various  other  substances,  provided  they  contain  the  necessary 
ingredients  in  the  requisite  proportions  when  mixed  together.^  The 
presence  of  free  lime  or  magnesia  is  liable  in  time  to  injure  works,  by 
the  swelling  of  these  substances  in  combining  with  water,  though  free 
lime  in  a  cement  mcreases  its  strength  in  the  first  instance. 

The  adequate  burning  of  the  cement  is  tested  by  its  specific  gravity, 
which  should  not  be  less  than  3*1,  as  a  lower  specific  gravity  shows  that 
the  cement  is  underbumt.  The  value  of  any  cement  largely  depends 
upon  the  fineness  to  which  the  clinker  is  ground ;  for  the  extent  to  which 
the  cement  can  coat  over,  and  consequently  cement  together  a  certain 
quantity  of  sand  of  definite  size,  depends  upon  its  finei^ess.  Samples 
of  the  cement  supplied  are,  accordingly,  passed  through  a  very  fine  sieve, 
usually  having  50  meshes  of  wire  (y^  inch  in  diameter)  to  the  inch,  or 
2500  holes  to  the  square  inch,  which  should  not  leave  a  residue  of  more 
than  10  per  cent ;  and  finer  sieves,  or  smaller  residues  left  on  the 
sieve,  have  been  proposed.  The  coarser  cement  left  on  the  sieve  has 
little  cementing  value,  and  should  be  treated  as  so  much  sand  in 
detennining  the  proportion  of  cement  to  be  used. 

The  strength  of  Portland  cement  is  almost  always  tested  in  tension, 

^  the  most  convenient  method,   owing  to  its  compressive  strength 

averaging  about  nine  times  its  tensile  strength.     The  cement  is  formed 

into  a  paste  with  water,  and  moulded  into  briquettes  contracted  in  the 

middle  to  a  sectional  area  of  2i  square  inches,^  or  more  recently  i 

square  inch,  immersed  in  water  when  one  day  old,  and  taken  out  and 

tested  seven  days  after  manufacture.     The  standard  tensile  breaking 

strain  of  the  cement  under  these  conditions  has  been  gradually  raised, 

J^ith  improvements  in  manufacture,  up  to  350  or  400  lbs.  per  square 

'nch  at  seven  days.     A  much  lower  breaking  strain  indicates  that  the 

cement  is  comparatively  weak ;  and  a  much  higher  breaking  strain  points 

to  the  probable  presence  of  free  lime,  which  is  liable  to  be  a  source  of 

subsequent  injury,  especially  in  sea- water.     The  test  after  seven  days 

's  the  regulation  one,  in  order  to  avoid  delay  in  using  the  cement ;  but 

'ster  tests  are  expedient  to  prove  a  due  increase  in  the  strength  of  the 

cement  with  age;  and  a  breaking  strain  of  550  lbs.  on  the  square  inch 

28  days  after   the  making  of  the  briquettes,  has  been  proposed  as  a 

standard  qualification.^     Tests,  however,  of  cement  in  tension  do  not 

ftimish  quite  exact  indications  of  the  strength  of  a  substance  subjected 

in  practice  to  compressive  strains,  as  the  strength  in  compression  does 

not  always  bear  the  same  relation  to  the  tensile  strength  in  diflferent 

samples  of  Portland  cement. 

The  soundness,  or  prospect  of  durability,  of  cement  is  tested  by 
forming  small  pats  of  cement  with  water  on  a  glass  plate,  and  then, 
when  set,  immersing  them  in  water  for  seven  days,  at  the  end  of  which 

*  Pr&cetdings  Inst.  C.E.^  vol.  cvii.  p.  118.  -  Ih'd,^  vol.  xxv.  plates  3  and  5. 
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time  reliable  cement  should  show  no  signs  of  disintegration  or  cracks. 
This  process  may  be  hastened  by  placing  the  pats  of  cement  in  moist 
air  raised  to  loo  ,  for  two  or  three  hours,  and  then  in  water  heated  to 
I  io°,  for  twenty-four  hours,*  whereby  the  presence  of  free  lime  is  rapidly 
detected. 

Mortars. 

Mortar  is  made  by  mixing  lime  or  cement  with  a  definite  proportion 
of  clean,  sharp  sand,  which  is  determined  according  to  the  quality  of 
the  lime  or  cement,  and  the  position  in  which  the  mortar  is  to  be  used. 
The  choice  of  proportions  should  also  be  guided  by  the  quality  of  the 
sand  available  for  making  mortar. 

Proportions  of  Sand  in  Mortars. — Under  favourable  conditions, 
the  highest  proportions  of  sand  generally  used  for  mortar,  are  3  parts 
of  sand  to  i  part  of  lime,  and  5  parts  of  sand  to  i  part  of  Portland 
cement ;  whilst  2  of  sand  to  i  of  lime,  and  3  of  sand  to  i  of  Portland 
cement,  are  proportions  often  used  under  ordinary  conditions.  Roman 
cement,  however,  is  so  much  weakened  by  admixture  with  sand,  that 
equal  proportions  of  sand  and  cement  are  commonly  adopted  in  this 
case.  When  the  work  in  which  the  mortar  is  to  be  used  is  liable 
to  be  exposed  to  water,  the  proportions  should  be  reduced  to  equal 
quantities  of  sand  and  hydraulic  lime,  and  2  of  sand  to  i  of  Portland 
cement ;  and  where  the  work  is  actually  exposed  to  water,  i  of  sand 
to  I  of  Portland  cement  may  become  necessary,  the  face  joints  being 
protected  by  a  coating  of  neat  Portland  or  Roman  cement  when  the 
work  is  subject  to  the  wash  of  the  sea  shortly  after  construction. 

In  important  sea-works,  the  actual  proportion  of  sand  chosen  for 
the  mortar  should  be  regulated  by  the  coarseness'  or  fineness  of  the 
sand  to  be  employed ;  for  it  has  been  found  by  experiment  that  fine  sand 
requires  to  be  mixed  with  about  t^'ice  as  much  cement  as  coarse  sand 
to  attain  the  same  strength,  owing  to  the  much  larger  surface  needing 
coating  with  cement  in  the  case  of  fine  sand,  than  of  coarse  sand,  to 
cement  the  particles  together.*  On  the  other  hand,  mortar  made  with 
very  coarse  sand,  though  needing  less  cement,  is  not  so  compact  as 
mortar  made  with  finer  sand,  and  consequently  is  not  so  suitable  for  a 
work  subject  to  a  pressure  of  water ;  and  the  admixture  of  some  fine 
sand  with  the  coarse  becomes  necessary  to  ensure  the  impermeability  of 
the  work. 

Mannfacture  of  Mortars. — In  making  lime  mortars,  the  lime 
has  to  be  slaked  with  water  before  it  is  mixed  with  sand;  whereas 
finely-ground  Portland  cement  can  be  mixed  at  once  with  sand,  and 
made  into  mortar  by  the  addition  of  water  and  turning  the  materials 
over  sufficiently  to  ensure  thorough  admixture.  Ordinary  lime  mortar 
is  mixed  in  large  quantities  in  a  raortar-mill,  the  measured  ingredients 
being  placed  in  the  revolving  pan,  and  guided  by  iron  scrapers  under 

*  Proceedings  Inst,  C.E,^  vol.  Ixxv.,  p.  218. 
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J  (aif  of  heaiy  rollers,  which  grind  any  lumps  of  lime,  as  well  as  assist 
in  railing  the  ingredients.  With  finely-ground  hydraulic  lime  or 
ccaeni,  the  mixing  machine  is  only  required  to  ensure  ihe  complete 
incofporation  of  the  materials.  Where  fine  sand  is  used  for  the  mortar, 
»  more  thorough  mixing,  as  well  as  a  larger  proportion  of  lime  or 
cement,  ts  required  than  with  coarse  sand,  owing  to  the  far  greater 
aimber  of  [articles  of  sand  which  have  to  be  coated  with  cement. 

The  amount  of  water  used  should  be  just  sufficient  to  make  the 
nulnials  into  a  paste,  and  must  necessarily  vary  according  to  the 
coodinon  of  the  materials  and  the  state  of  the  weather  -  whilst  an 
cices  a(  n-ater  washes  fine  lime  or  cement  away  from  the  sand,  and 
detajrs  the  setting  of  hydraulic  limes  and  cements.  Ordinary  lime 
aortar  can  be  safely  used  some  hours  after  manufacture,  on  account 
of  its  slowness  in  setting ;  but  hydraulic  lime  mortars,  and  especially 
qokk-Ktting  cement  mortars,  should  be  used  as  soon  as  possible  after 
abang,  for  their  strength  is  considerably  impaired  by  disturbance  after 
setdng  has  commenced. 

Strength  of  Mortars. — The  strength  of  mortars  depends,  not 
Eoeiely  upon  the  strength  and  soundness  of  the  lime  and  cement  used, 
tmt  also  npon  the  (.[uality  of  the  sand  and  the  thoroughness  of  the  mixing. 
Accordingly,  in  important  works,  tests  ate  made  of  cement  mortars  as 
well  as  of  neat  cement  Except  in  the  case  of  certain  substances,  such 
u  the  volcanic  earths  already  alluded  to,  the  materials  mixed  with  the 
lime  or  cement  are  simply  inert  substances,  added  for  the  sake  of 
ecDQomy,  and  reducing  the  strength  of  the  lime  or  cement.  One  of 
ibc  advantages  of  Portland  cement  is  that,  owing  to  its  strength  and 
fincncsx,  it  can  form  an  adequately  strong  mortar  with  a  considerably 
blgCT  proportion  of  sand  than  lime  can,  and  still  more  than  Roman 
cement.  In  this  respect,  some  experiments  seem  to  indicate  that  the 
besi  <Uag  cement  is  even  superior  to  Portland  cement,  on  account  of  its 
rtill  greater  fineness ; '  but  a  greater  reliability  in  the  manufacture  of 
ilag  ccinent,  and  much  more  extended  experience  of. its  qualities 
4nd  dtoabiltty  will  be  needed,  before  it  can  have  any  prospect  of 
oompfting  successfully  with  Portland  cement. 

To  make  com[>arable  tests  of  Portland  cement  mortars,  sand  of 
iimilsr  qiwlity  and  size  must  be  used  in  the  experiments.  It  has  been 
fautkl  that  the  tensile  strength  of  Portland  cement  mortar  at  the 
end  of  a  year,  when  mixed  with  equal  quantities  of  sand  and  cement,  is 
about  thice-fotirlhs  that  of  neat  cement ;  and  with  larger  proportions  of 
sssd,  from  a  of  sand  to  i  of  cement  up  to  4  of  sand  to  i  of  cement, 
the  tensile  strength  of  the  mortar  varies  approximately  according  to  the 
ratio  of  cement  to  sand  as  compared  with  neat  cement,  having  about 
•nc-half  the  strength  of  neat  cement  in  the  first  case,  and  one-fourth  in 
the  blier  case.*  Beyond  this  limit,  however,  the  strength  appears  to 
dnninUh  more  rapidly  with  an  increase  in  the  proportion  of  sand,  since 
nuHtar  with  5  of  sand  to  i  of  cement  has  only  one-sixth  the  tensile 
Knnglh  of  neat  cctncnt.  I 
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The  strength  of  Portland  cement  mortars  in  compression,  though 
much  greater  than  in  tension,  diminishes  more  rapidly  with  an  increase 
in  the  proportion  of  sand ;  for  the  crushing  strength,  at  the  end  of  a 
year,  of  a  mortar  made  with  equal  quantities  of  sand  and  cement,  was 
found  to  be  rather  more  than  half  the  crushing  strength  of  neat  cement, 
a  2  to  I  mortar  one-third,  a  3  to  i  mortar  one-fifth,  a  4  to  i  mortar  one- 
eighth,  and  a  5  to  I  mortar  only  one-thirteenth  that  of  neat  cement.^ 

The  strength  of  mortars  is  greatly  affected  by  the  nature,  as  well  as 
the  size  of  the  sand,  the  mortar  made  with  clean,  sharp,  or  angular 
sand  being  much  stronger  than  mortar  made  ^ith  dirty  sand  with 
rounded  grains.  The  presence  of  loam,  silt,  or  clay  in  sand  can  be 
detected  by  taking  up  a  handful  of  moist  sand,  and  closing  one's  hand 
on  it  with  a  little  pressure,  as  dirty  sand  will  bind  together,  instead  of 
falling  to  pieces,  when  the  grasp  is  relaxed.  Dirty  sand  must  be  washed 
by  a  stream  of  water  before  being  used  for  mortar. 

The  increase  in  the  strength  of  cement  mortar  is  slower  and  more 
prolonged  than  that  of  neat  cement ;  and  the  increase,  which  is  fairly 
rapid  during  the  first  two  or  three  years,  gradually  decreases  in  amount, 
till  at  last,  after  the  lapse  of  several  years,  the  ultimate  strength  is 
reached,  and  a  slight  tendency  to  deteriorate  is  exhibited  by  the 
mortar.2 

Remarks  on  Mortars. — The  strength  and  permanence  of  any 
structure  depends  so  largely  upon  the  strength  and  durability  of  the 
mortar  which  binds  the  stones  or  bricks  together,  that  the  utmost  care 
is  needed  in  selecting  the  most  suitable  materials  for  the  mortar,  in 
mixing  it,  and  in  laying  it  in  the  work.  As  frost  injures  newly  laid  mortar, 
building  has  to  be  discontinued  during  frosty  weather.  The  proportion 
of  cement  to  sand  must  be  regulated  by  the  required  strength  and  the 
exposure  of  the  work,  as  well  as  by  the  strength  and  fineness  of  the 
cementing  material ;  and  where  the  best  class  of  sand  is  not  procurable 
at  a  reasonable  cost,  compensation  must  be  made  for  the  poorer  quality 
of  sand  available,  by  an  increased  proportion  of  lime  or  cement. 
Portland  cement  has  been  so  much  improved  in  quality  in  recent 
years,  and  cheapened  in  cost,  that  it  is  very  generally  used  now  for 
mortar  in  important  works ;  and  it  is  regarded  by  most  engineers  as 
almost  indisj^ensable  in  works  exposed  to  water  or  the  sea,  not  merely 
on  account  of  its  strength  and  cjuick  setting  under  water,  but  also  owing 
to  the  preservation  of  its  strength  during  storage  on  a  long  voyage 
if  not  exposed  to  damp,  and  the  maintenance  of  its  qualities  when 
mixed  with  salt  water  or  made  into  mortar  with  sea-sand. 

Concrete. 

Concrete  has  gradually  become  one  of  the  most  important  materials 
of  construction  at  the  disposal  of  the  civil  engineer,  on  accomit  of  its 
cheapness,  the  facility  with  which  materials  for  it  are  often  procured 
where  ordinary  building  materials  are  scarce,  the  ease  with  which  it 
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is  manufactured,  its  adaptability  to  various  situations,  and  its  good 
strength  and  durability  when  carefully  made. 

Composition  of  Concrete. — Concrete  is  generally  formed  of 
sand  mixed  with  gravel,  small  rubble  stone,  broken  bricks,  slag,  or 
other  inert  hard  materials  cemented  together  into  a  solid  mass  by 
lime  or  cement;  and  it  may  be  regarded  as  composed  of  lime  or 
cement  mortar  filling  up  the  spaces  between,  and  connecting  together 
the  larger  hard  materials,  which  take  the  place  of  stone  or  bricks  in 
ordinary  constructions.  The  materials  should  be  so  proportioned 
according  to  their  size,  that  the  whole,  when  thoroughly  mixed  with 
water,  may  harden  gradually  into  a  solid,  impervious  mass.  A  large 
proportion  of  the  big  materials  expedites  the  work,  whilst  strengthening 
it  by  causing  it  to  approximate  to  rubble  masonry;  it  involves  less 
labour  in  mixing ;  and  it  reduces  the  amount  of  mortar  required,  and 
the  quantity  of  the  cementing  material,  which  is  the  most  costly  item. 
Large  materials,  however,  must  only  be  introduced  in  the  proportions, 
and  in  the  class  of  work,  in  which  an  adequate  thickness  of  mortar 
can  be  ensured  between  every  large  piece.  The  proportion  of  sand 
to  the  lime  or  cement,  and  its  quality,  must  be  determined  by  the  same 
considerations  as  the  formation  of  any  strong,  impervious  mortar  referred 
to  above.  The  smallest  proportion  of  cement  is  allowable  in  the 
manufacture  of  concrete  blocks,  which  can  be  left  to  harden  for  some 
time  before  being  used ;  and  a  specially  large  proportion  of  cement  is 
necessary  when  concrete  is  deposited  under  water,  and  more  particularly 
where  it  is  likely  to  be  partially  exposed,  before  becoming  set,  to  a 
current  of  water  or  the  wash  of  the  sea. 

Proportions  employed  for  Concrete. — The  actual  proportions 
of  the  materials  used  in  making  concrete  vary  considerably  according 
to  the  quahty  and  accessibility  of  the  materials,  the  form  in  which,  the 
concrete  is  placed  in  the  work,  and  the  conditions  of  the  site.  Thus 
concrete  made  into  blocks  has  been  formed  in  proportions  ranging 
between  3-^  of  sand  to  i  of  Theil  lime  at  Port  Said  harbour,  and  4 
of  sand,  6  of  shingle,  3  of  stone,  and  i  of  Portland  cement,  or  13  of 
materials  to  i  of  cement,  at  Karachi  harbour.^  The  proportions 
adopted  for  concrete  in  bags  deposited  under  water,  were  3  of  sand, 
4  of  shingle,  and  i  of  Portland  cement  at  the  north  breakwater  of 
Aberdeen  harbour,  and  2  of  sand,  5  of  shingle,  and  i  of  Portland 
cement  at  Newhaven  breakwater,  or  7  of  materials  to  i  of  cement  in 
both  cases.  The  concrete-in- mass  deposited  below  low  water,  was 
composed  of  7  of  gravel  and  sand  to  i  of  Portland  cement  at  Wicklow 
harbour,^  2  of  sand,  4  of  stone,  and  i  of  Portland  cement  for  Babba- 
combe  fishery  pier,  and  4  of  sand  and  stone  to  i  of  Portland  cement 
at  Buckie  harbour ;  whilst  the  concrete-in-mass  above  low  water,  was 
formed  of  3  of  sand,  4  of  shingle,  and  i  of  Portland  cement  at  the 
north  pier  of  Aberdeen  harbour,  about  1 1  of  sand  and  stone  to  i  of 
Portland    cement  at  Buckie,  and  2  of  sand,   5    of  shingle,   and   i  of 
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Portland  cement  at  Newhaven,  The  walls  of  the  Albert  Dock. 
London,  were  built  of  concrete  consisting  of  7  of  gravel  to  1  of 
Portland  cement ;  and  the  waUs  of  the  Chatham  Dockyard  extension 
with  ij  of  gravel  to  i  of  Portland  cement,  escept  the  face,  which  was 
formed  of  4  of  broken  slag,  3  of  sand,  and  i  of  cement.' 

The  proportion  of  stone  in  concrete-in-mass  above  low  water,  or 
in  very  large  blocks,  can  be  advantageously  increased  by  embedding 
large  blocks  of  rubble  stone  at  intervals  in  the  concrete,  provided  these 
blocks  are  kept  away  from  the  face  ;  but  it  is  not  safe  to  introduce  such 
blocks  in  concrete  deposited  under  water,  as  their  proper  bedding  in 
the  concrete,  apart  from  one  another,  cannot  be  secured. 

Cement  and  mortar  naturally  adhere  more  firmly  to  angular,  rough, 
clean  surfaces  than  to  smooth  or  dirty  surfaces ;  and  therefore,  just  as 
a  stronger  mortar  is  formed  by  sharp  sand  than  by  rounded  sand,  so 
angular  or  broken  stones  make  a  stronger  concrete  than  smooth 
sbinglc  or  boulders ;  and  in  concrete,  as  in  mortar,  all  the  mateiials 
composing  it  should  be  perfectly  clean. 

Forms  and  Uses  of  Concrete. — ^One  of  the  earliest  apx^lications 
of  concrete  to  engineering  works  was  in  the  form  of  blocks,  where 
stone  was  scarce  or  difficult  to  dress,  and  where  close-fitting  work 
was  required.  Concrete  blocks  are  made  within  timber  frames  to 
the  required  size  ;  and  when  the  concrete  has  set  sufficiently,  tlie 
frames  are  taken  off  to  form  other  blocks,  and  the  blocks  are  left  to 
harden  in  the  open  air  for  a  month  or  more  before  they  are  placed 
in  the  work,  holes  having  been  left  in  forming  the  blixks,  by  ihc 
insertion  of  pieces  of  wood  in  suitable  positions  inside  the  frames,  for  tba 
introduction  of  long  iron  bolts  when  the  blocks  have  to  be  lifted. 
These  blocks  are  very  commonly  used  in  the  construction  of  breakwaters 
under  water,  where  the  blocks  have  to  be  laid  as  close  together  as 
possible,  in  a  position  in  which  the  joints  cannot  be  filled  with  mortar. 
The  advantages  of  this  form  of  concrete  are,  that  the  blocks  being 
made  beforehand,  and  given  ample  time  to  set  hard,  the  work  can  bft 
conducted  rapidly,  and  with  certainty  as  to  the  condition  of  the  concrete 
when  immersed  in  water,  and  that  a  smaller  proportion  of  cement  can 
be  safely  used  than  in  concrete  work  executed  under  less  favourable 
conditions. 

Concrete  has  been  employed  enclosed  in  very  large  bags  for  the 
portions  of  some  breakwaters  below  low  water,  as  the  yielding  nature 
of  the  bag-work  enables  the  bottom  bags  to  adapt  themselves  to  ^le 
irregularities  of  a  hard  chalk  or  rocky  bottom;  whibt  the  covering 
provided  by  the  bag  prevents  the  concrete  being  injured  by  the  sea 
vrhen  being  deposited,  and  after  it  has  been  put  in  position.  Moreoveft 
a  sufficient  portion  of  the  finest  part  of  the  concrete  oozes  through  the 
jute  sacking  forming  the  bag,  under  pressure,  to  imile  the  heap  of 
solid  mass.  This  system,  though  involving  the  use  of  huge 
plant  of  a  special  character  for  the  deposit  of  the  bags,  as  in  the  cue 
large  concrete  blocks  have  to  be  handled,  has  the  advantages  of 
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e  great  cost  of  levelling  a  rocky  bottom  under  water,  and  of 
itHoiring  only  a  moderate  amount  of  cement  in  making  the  comrete, 
ormf;  to  the  protection  afforded  by  the  bag.  Concrete  in  bags  has 
ibo  been  used,  like  concrete  blocks,  as  an  apron  for  protecting  the 
upper  exposed  surface  of  the  nibble  mound  of  a  breakwater,  near  the 
vi-iitX:  of  the  supjerslnicture  resting  on  the  mound,  and  also  in  filling 
up  hollows  in  foundations  exposed  to  a  current  of  water. 

Concrete-in-mass  has  been  very  extensively  used  in  foundations, 
(iodt  walls,  retaining  walls,  and  the  portions  of  breakwaters  above  low 
Wier,  and  occasionally  for  reservoir  dams,  lighthouse  towers,  and 
aithed  bridges.  The  reliance,  moreover,  felt  of  late  years  in  Portland 
cement,  has  led  to  tbe  use  of  concrete- in-mass  for  breakwaters  and  other 
TOfk  under  water,  deposited  within  framing  lined  with  jute  canras,  by 
closed  skips  with  movable  bottoms.  The  mixing  of  the  concrete 
deposiied  in  mass  or  into  large  bags,  has  to  be  very  efficiently  performed, 
either  by  hand  for  small  quantities,  or  by  mixing  machines  for  large 
unouDts.  In  making  concrete  by  hand,  the  measured  materials  are 
tamed  twice  over  when  dry,  on  a  clean  floor,  and  then  again  after 
admiiture  of  water.  Concrete-mixing  machines  consist  of  revolving 
boxes  or  cylinders  worked  by  steam-power,  in  which  the  materials  are 
lamed  over  several  times,  and  thoroughly  mixed,  before  being  discharged 
ready  for  use.  The  concrete  should  not,  if  possible,  be  deposited  from 
*  height,  or  through  a  long  shoot,  for  the  stones,  descending  faster  than 
tbe  rest,  tend  to  form  a  heap  by  themselves  ;  and  the  deposited  concrete 
needs  somewhat  mixing  again.  The  greatest  caie  is  required  in  deposit- 
ing concrete  under  water,  to  prevent  the  concrete  losing  a  portion  of  its 
cctocnt  by  falling  through  the  water ;  and  the  concrete  must  not  be 
disturbed  when  once  deposited.  Concrete  has  sometimes  been  allowed 
to  set  partially  before  being  deposited  under  water,  with  the  view  of 
preventing  the  washing  out  of  the  cement  from  the  concrete  in  its 
[ttssage  through  tlie  water ;  but  it  is  probable  that  the  concrete  loses 
as  much  strength  by  the  disturbance  of  its  setting  wheii  in  what  is 
termed  the  plastic  state,  as  by  the  loss  of  cement  under  ordinary 
conditions.  Concrete  deposited  under  water  must  be  given  an  ample 
proportion  of  cement ;  it  must  be  protected  from  any  wash  or  current ; 
ind  it  roust  be  lowered  in  a  closed  skip  as  near  the  bottom  as 
practicable,  before  being  deposited.  When  concrete-in-mass  is  deposited 
in  large  amounts  in  successive  layers,  the  top  surface  of  the  layer  of  the 
previous  day's  work  must  be  cleaned  from  any  coating  of  silt  before  the 
oext  layer  is  commenced ;  and  in  the  case  of  concrete  out  of  water, 
Ibc  satbux  should  be  moistened,  and  roughened  when  necessary,  to 
ensure  the  adherence  of  the  succeeding  layer. 

Conoete-iD-mass  possesses  several  advantages.  It  furnishes  a  cheap 
mediod  for  forming  broad  foundations  for  heavy  structures,  and  readily 
Ub  op  boUows  or  other  irregularities  in  its  excavated  foundations  -  and 
1  ran  easily  be  finished  off  to  a  level  surface  at  the  top,  for  the  structure 
to  be  erected  upon  it.  Moreover,  though  requiring  constant  care  and 
penision  in  its  mixing  and  deposit,  concrele-in-mass  can  he  carried 
ilWilb  very  litUe  plant,  and  without  skilled  labour.     This  system  of  . 


24  PORTLAND  CEMENT  CONCRETE,  IRON,  AND  STEEL. 

construction  has  been  resorted  to  in  dock  walls  and  graving  docks 
from  economical  considerations.  For  breakwaters,  however,  concrete- 
in-mass  possesses  the  additional  advantage  that  it  forms  the  structure 
into  a  huge  monolith,  not  liable  to  disturbance  by  the  sea ;  though  its 
deposit  under  water  in  such  conditions  needs  very  special  precautions. 
On  the  other  hand,  porous  concrete,  subject  to  the  percolation  of  sea- 
water  under  pressure,  has  in  some  instances  become  disintegrated,  in 
consequence,  apparently,  of  the  substitution  of  magnesia  from  sea-water 
for  the  lime  in  the  cement,  which  has  led  to  the  expression  of  doubts  as 
to  the  permanence  of  structures  exposed  to  sea-water,  which  have  been 
formed  with  Portland  cement.*  The  durability,  however,  of  many  break- 
waters constructed  with  Portland  cement  concrete,  and  exposed  to  the 
continual  wash  of  the  waves,  indicates  that  Portland  cement  in  concrete 
properly  proportioned  and  mixed  so  as  to  form  an  impervious  mass,  and 
devoid  of  free  lime  and  magnesia,  is  not  liable  to  decomposition  by  the 
sea-water,  which  merely  comes  in  contact  with  the  face  of  the  work. 

Iron  and  Steel. 

Iron  is  used  in  three  forms  in  construction,  namely,  as  cast  iron, 
wrought  iron,  and  steel.  Cast  iron  contains  between  90  and  95  per 
cent,  of  pure  iron,  the  remaining  constituents  being  from  2  to  4  per  cent, 
of  carbon,  mainly  in  the  form  of  graphite,  together  with  small  amounts 
of  silicon,  manganese,  phosphorus,  and  sulphur,  in  variable  proportions 
according  to  the  nature  of  the  ore  from  which  the  iron  is  obtained. 
Wrought  iron  is  the  purer,  malleable  metal  obtained  from  molten  cast 
iron  in  the  puddling  process,  by  which  the  greater  portions  of  the 
impurities  are  removed,  so  that  their  combined  residues  form  less  than 
I  per  rent,  of  the  mass,  the  rest  consisting  of  pure  iron.  Steel,  which 
occupies  a  sort  of  intermediate  position  in  its  composition  between  cast 
iron  and  wrought  iron,  contains  proportions  of  carbon  ranging  from 
about  the  same  minute  percentage  in  mild  steel  as  in  wrought  iron,  up 
to  between  i  and  2  jxir  cent,  in  hard-tool  steel ;  whilst  the  quantities  of 
silicon,  sulphur,  and  j)hosphorus,  are  decidedly  less  in  steel  than  in 
wrought  iron,  and  the  amount  of  manganese  is  greater. 

Cast  Iron. — Towards  the  close  of  the  eighteenth  century,  and  in 
the  earlier  half  of  the  nineteenth  century,  cast  iron  was  the  form  of 
metal  almost  wholly  employed  for  bridges,  the  use  of  wrought  iron 
having  been  confined  to  suspension  bridges,  as,  for  instance,  the  Menai 
Suspension  Bridge,  where  the  strains  are  entirely  tensile.  Cast  iron 
was,  indeed,  very  naturally  adopted  for  arches,  as  the  strains  in  these 
structures  are  wholly  compressive,  which  cast  iron  is  specially  suited 
to  sustain,  as  its  crushing  strength  is  about  40  to  45  tons  per  square 
inch,  whereas  its  tensile  strength  only  amounts  to  between  7  and  10 
tons  per  square  inch.  Accordingly,  cast  iron  has  been  successfully 
employed  for  arched  bridges  of  considerable  span,  as,  for  example, 
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Soulhwark  Bridge  over  the  Thamts  in  London,  erected  in  1819, 
a  central  sjxtn  of  240  (vet;  but  it  was  ill  adapted  for  the  small  girder 
bridges  constructed  with  it  in  the  early  days  of  railway  enterprise, 
acoouot  of  the  tensile  strains  on  the  bottom  flange,  which  had  to 
cnadc  conaderably  larger  in  area  than  the  top  flange  subject  only 
cocnprcssiun.  It  was  not,  however,  till  after  the  successful  completion, 
in  1850,  of  the  Britannia  Tubular  Bridge  across  the  Menai  Straits,  made 
of  wrou^t  iron,  that  cast  iron  was  abandoned  in  favour  of  wrought  iron 
(or  girder  bridges. 

The  use  of  cast  iron  has  been  gradually  relinquished,  even  in  arched 
brid)^,  for  railn'ays,  for  cast  iron  is  liable  to  be  fractured  by  sudden, 
seteie  shocks ;  and  serious  flaws  have  been  discovered  in  some  of  the 
castings  forming  the  ribs  of  old  railway  bridges,  when  taken  down  owing 
to  their  proving  unsafe  under  the  increased  strains  due  to  the  heavier 
locomotives  and  higher  speeds  of  the  present  day.  Cast  iron,  however, 
is  still  very  largely  employed  for  columns,  cylinders,  lubes,  and  pipes, 
bcd-pbtes,  chairs  for  rails,  and  various  other  purposes. 

Wtonght  Iron. — The  use  of  wrought  iron  in  construction,  which 

was  at  first  mainly  employed  for  suspension  bridges,  in  the  form  of  link 

chains,  suspending  rods,  and  bolts,  and  later  on  in  wire  cables,  and  also 

lor  nils,  was  extended  to  large-span  bridges  in  the  case  of  the  Britannia 

and  Conway  tubular  bridges,  and  the  Saltash  Bridge  over  the  Tamar, 

afiei  ii  had  been  proved  by  ex|)eriments  that  wrought-iron  plates  and 

>n£le4rons  riveted  together  could  form  beams  capable  of  sustaining 

heavy  loads  over  wide  spans.     Wrought  iron  was  subsequently  adopted 

lor  ^nlers  of  various  forms  for  many  years,  and  has  occasionally  been 

Wtd  for  arched  bridges ;  but  it  has,  in  its  turn,  been  gradually  super- 

ledcd   by  steel,  owing  to  the  greatly  cheapened  production   of  this 

saongei  metal,  especially  for  tails  and  bridges  of  large  span.    Wrought 

DUD  fHissesses  tile  advantage  over  cast  iron  that  its  strength  in  compres- 

uon  IS  not  ruuch  less  than  its  strength  in  tension,  the  crushing  strength 

oF  wrought  iron  being  between  one-half  and  one-third  that  of  cast  iron, 

.ind  its  tensile  strength  being  about  three  times  that  of  cast  iron.     More- 

iiver.  wrought  iron  is  not  liable  to  fracture  or  to  have  Ilaws  like  cast 

^bogj  and  whereas  the  joining  of  several  castings  together  by  bolts  only 

^^^^M  a  thoroughly  satisfactory  connection  when  the  strains  on  the 

^^^^fenre  are  wholly  compressive,  the  riveting  together  of  plates  and 

^^^^K-irorw,  forming  a  wrought-iron  girder,  rigidly  connects  the  different 

^^iw  for  resisting  tensile  as  well  as  compressive  strains. 

SteeL — The  old  method  of  making  steel  from  wrought  iron 
raanulacfured  from  the  purest  Swedish  or  other  ores,  by  combining 
It  with  carboJ)  in  the  cementation  process,  rendered  steel  a  costly 
lotiduct.  'n»e  iniitidiiction,  however,  of  the  Bessemer  process,  in  which 
mild  itccl,  approximating  in  composition  to  wrought  iron,  can  be 
nunufactured  more  directly  in  large  quantities  from  impure  ores, 
resulting  in  a  very  great  reduction  in  cost,  opened  out  a  wide  field 
lor  nee)  as  a  material  for  engineering  construction. 

ITie  original  aim  of  the  Bessemer  process  was  to  arrest 
of  carbon  from  cast  iron  at  the  intermediate  stage,  when  steel 


'm 
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assumed  to  have  been  produced,  instead  of  first  removing  almost  all  the 
carbon  so  as  to  form  wrought  iron,  and  then  adding  carbon,  in  a  second 
process,  to  wrought  iron  in  order  to  make  steel.  Owing,  however,  to 
the  presence  of  phosphorus,  silicon,  and  sometimes  sulphur  in  the  iron 
obtained  from  impure  ores,  it  proved  impracticable,  except  in  the  case 
of  the  purest  iron,  to  stop  the  blast  of  air  through  the  molten  metal,  in 
the  Bessemer  converter,  at  the  stage  when  the  carbon  originally  existing 
in  the  cast  iron  has  been  reduced  by  the  blast  to  the  proportion  forming 
steel ;  and  the  carbon  has  to  be  restored  to  the  molten  metal  by  the 
addition  of  the  requisite  proportion  of  the  pure  iron  ore,  rich  in  carbon, 
known  as  spiegeleisen,  after  the  other  impurities  have  been  removed  by 
the  prolongation  of  the  blast.  The  Thomas-Gilchrist  process  introduces 
a  basic  lining  into  the  converter,  which,  entering  into  combination  with 
the  impurities  in  the  molten  metal,  especially  phosphorus,  removes  them 
from  the  steel,  which  is  thereby  procured  in  an  adequately  pure  condi- 
tion. In  the  Siemens-Martin  process,  a  bath  of  pure  Swedish  iron  is 
prepared  in  the  converter,  into  which  scraps  of  wrought  iron  and 
Bessemer  steel  are  thrown  by  degrees,  melting  in  small  quantities  in 
the  intense  heat ;  and  a  due  proportion  of  spiegeleisen  is  added  to  the 
pure  molten  metal  to  form  steel,  as  tested  by  samples  taken  from  the 
mass.  Good  steel  is  thus  made  by  a  fairly  direct  process,  in  large 
quantities,  at  a  moderate  cost. 

Steel  manufactured  by  the  above  processes  has  been  fused,  and  more 
effectually  freed  from  impurities  than  wrought  iron,  and  steel  formed  from 
puddled  iron,  which  are  never  wholly  freed  from  the  impurities  of  the 
slag  in  which  they  have  been  immersed.  The  tensile  strength  of  steel 
varies  with  the  proportion  of  carbon  in  its  composition,  ranging  from 
that  of  wrought  iron  in  very  mild  steel,  up  to  a  maximum  with  about 
1*2  per  cent,  of  carbon,  when  it  attains  more  than  double  that  strength, 
its  breaking  strain  sometimes  reaching  about  60  tons  on  the  square  inch. 
The  strength,  moreover,  of  steel  is  very  similar  in  tension  and  compres- 
sion. Cast  steel,  though  very  variable  in  quality,  is  generally  considered 
to  have  about  double  the  strength  of  cast  iron ;  but  owing  to  its  much 
higher  fusing  point,  its  contraction  in  cooling  is  nearly  double  that  of 
cast  iron. I 

Steel,  accordingly,  owing  to  its  greater  hardness  and  strength  than 
wrought  iron,  is  largely  used  now  for  bridges,  especially  for  those  of 
large  span  and  for  swing  bridges,  in  which  a  reduction  in  the  weight  of 
the  bridge,  by  the  employment  of  a  stronger  material  of  smaller  section, 
is  of  special  importance.  Steel  has  also  been  very  advantageously 
adopted  for  rails,  which  are  now  exposed  to  increased  strains  and  wear 
by  the  augmented  weight  of  locomotives  and  the  use  of  continuous 
brakes;  and  as  rails  must  be  botli  tough  and  hard,  to  sustain  the 
shocks  of  heavy  trains  travelling  at  a  high  speed  and  to  support  the 
wear  of  the  brakes,  they  are  tested  for  toughness  by  the  impact  of  a 
falling  weight,  and  for  hardness  by  their  breaking  strain. 

*  "  The  Testing  of  Materials  of  Construction,"  W.  C.  Unwin,  2nd  Edit.,  p.  316. 
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Safe  Strains  on  Materials. 

In  all  structures,  it  is  of  the  utmost  importance  that  none  of  the 
materials  of  which  they  are  formed  should  ever  be  strained  to  an  extent 
liable  to  produce  any  permanent  injury.  In  certain  materials,  such,  for 
instance,  as  wrought  iron  and  steel,  there  is  a  limit,  varying  with  the 
nature  of  the  material,  up  to  which  changes  in  form  are  proportionate  to 
the  load  imposed ;  and  the  original  form  is  gradually  regained  on  the 
removal  of  the  load.  When,  however,  this  limit  of  elasticity  is  exceeded, 
the  change  in  form  becomes  greater  than  in  proportion  to  the  increase 
of  load;  and  the  material  no  longer  returns  to  its  original  condition 
after  the  withdrawal  of  the  load,  but  acquires  a  permanent  set  It  would 
be  unsafe  to  strain  materials  close  up  to  this  limit ;  for  repeated  applica- 
tions of  such  a  load,  causing  fatigue  of  the  metal,  is  liable  to  lower  the 
elastic  limit,  and  may  eventually  even  produce  fracture.  Factors  of 
safety  have,  accordingly,  been  deduced  from  the  results  of  experiments 
for  various  materials,  representing  the  relation  between  the  breaking 
load  and  the  stresses  to  which  the  different  materials  may  be  safely 
subjected,  which  are  considerably  below  the  elastic  limit. 

Dead  and  Moving  Loads. — The  loads  which  some  structures 
have  to  bear,  such  as  bridges,  floors,  and  roofs,  are  of  two  kinds, 
namely,  the  dead  or  permanent  load,  and  the  live  or  moving  load. 
The  dead  load  consists  of  the  roadway  or  other  permanent  weight  borne 
by  the  structure,  together  with  the  weight  of  the  supporting  structure 
itself  between  the  points  of  support.  The  moving  or  variable  load 
comprises  trains,  vehicles,  and  foot-passengers  crossing  over  bridges, 
and  wind,  and  in  some  countries  snow,  especially  on  roofs.  The 
moving  load  imposes  a  more  severe  strain  upon  a  structure  than  the 
dead  load,  owing  to  its  frequently  rapid  and  unequal  application,  the 
shocks  with  which  it  is  often  accompanied  in  the  case  of  a  train  going 
at  a  high  speed,  and  the  alteration  sometimes  produced  in  the  nature 
of  the  stress,  putting  certain  portions  into  tension  and  compression 
alternately,  a  change  which  is  much  more  trying  to  materials  than 
similar  stresses  of  unvarying  kind.  The  greater  strain,  however, 
produced  by  the  moving  load  is  to  some  extent  compensated  for, 
m  actual  practice,  by  the  structure  being  designed  to  bear  the 
maximum  moving  load  possible,  which  may,  indeed,  be  imposed 
in  the  testing  of  the  strength  of  the  structure  before  its  opening  for 
traffic,  but  which  is  rarely,  if  ever,  attained  in  actual  working.  The 
ordinary  allowances  for  the  moving  loads  on  bridges  are  i  to  li  tons 
per  lineal  foot  per  line  of  way  for  railway  bridges,  i  cwt.  per  square  foot 
for  roadways,  and  70  lbs.  per  square  foot  for  footways. 

Stresses  allowable  on  Structures. — Certain  general  rules  have 
been  framed  for  ensuring  the  stability  of  structures,  some  of  which  are 
enforced  by  the  Board  of  Trade  with  regard  to  railway  bridges  in  the 
United  Kingdom.  In  timber  structures,  the  dead  load,  together  with 
twice  the  maximum  moving  load,  should  not  produce  a  stress  in  any 
part  of  the  structure  exceeding  one-fifth  of  the  breaking  stress  of  the 
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timber  employed.  Masonry  and  brickwork  should  only  be  weighted  to 
the  extent  of  about  one-eighth  of  their  crushing  strength  on  the  average. 
Cast  iron  should  be  only  used  in  compression ;  and  the  stress  due  to  the 
dead  load,  together  with  twice  the  maximum  moving  load,  should  not 
exceed  one-third  to  one-fourth  of  the  breaking  stress  in  any  part  of  a 
cast-iron  structure. 

The  standard  maximum  working  stresses  on  metal  structures  allowed 
by  the  Board  of  Trade,  are  5  tons  per  square  inch  in  tension,  and  4  tons 
per  square  inch  in  compression  for  wrought  iron,  and  6^  tons  per  square 
inch  for  steel ;  whereas  the  elastic  limit  has  been  found  to  average  about 
12  tons  per  square  inch  for  wrought  iron,  and  18  tons  per  square  inch  for 
mild  steel.^  In  the  above  limits  of  safe  stresses,  no  distinction  is  made 
between  the  dead  and  moving  loads ;  and  the  limits  are  somewhat  low 
for  the  large  members  of  a  girder  of  large  span,  and  high  for  the  small 
members  subjected  to  shocks  and  to  alternate  tensile  and  compressive 
stresses.  Moreover,  the  load  which  can  be  safely  borne  by  a  steel 
structure,  varies  considerably  according  to  the  nature  of  the  steel 
employed 

Wind-pressure,  and  Snow. — In  addition  to  the  dead  and  moving 
loads,  allowance  has  to  be  made,  in  designing  railway  bridges,  for  a 
wind-pressure  against  the  exposed  surfaces,  of  56  lbs.  per  square  foot — a 
condition  imposed  by  the  Board  of  Trade  after  the  overthrow  of  the 
Tay  Bridge  during  a  gale  in  December,  1879.  The  pressiure  of  wind 
has  also  to  be  considered  in  the  case  of  roofs,  and  the  occasional 
additional  load  due  to  snow  in  cold  countries.  The  wind-pressure, 
however,  is  greater  in  proportion  to  the  pitch  of  the  roof;  whereas  the 
depth  of  snow  which  may  accumulate,  increases  in  proportion  to  the 
flatness  of  the  roof ;  but  the  pressure  imposed  on  a  roof  by  these  two 
influences,  constitutes  a  considerable  portion  of  the  stresses  which  have 
to  be  borne  by  a  roof.  The  weight  or  compactness  of  the  snow  is  in 
inverse  proportion  to  the  size  of  the  flakes,  and  may  be  assumed  to 
amount  to  from  5  to  10  lbs.  per  cubic  foot ;  but  the  weight  of  snow  on 
bridges  in  North  America,  has  been  estimated  to  attain  30  lbs.  per 
square  foot  under  unfavourable  conditions. 

'  *'  Knginecrinj;  Construction  in  Iron,  Steel,  and  Timber,"  W.  H.  Warren,  p.  3. 
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t  any  work  is  designed,  a  careful  survey  of  the  site  has  to  be 
■with  a  longitudinal  section  along  the  line  of  the  work,  and  often 
"  [:tions  as  well,  so  that  the  levels  of  the  ground  to  be  traversed 
iQt  upon  may  be  accurately  known,  the  best  position  for  the  work 
nay  be  selected,  and  the  amount  of  earthwork  to  be  carried  out  may  be 
axcrtatned.  Reference  should  be  made  to  any  previous  survey  of  the 
iiK^bty,  to  facilitate  the  execution  of  the  more  detailed,  and  generally 
hrgcr  survey  required,  on  which  the  general  plan  of  the  proposed  work 
a  laid  down.  Moreover,  if  a  geological  map  of  the  district  has  been 
made,  it  is  very  desirable  to  consult  it,  in  order  to  obtain  a  general  idea 
of  the  strata  through  which  excavations  will  have  to  he  carried,  or  on 
which  foundations  for  structures  will  have  to  be  laid.  More  particular 
infomiation  as  to  the  nature  of  the  soil  in  which  the  works  are  to  be 
anied  out,  should  be  procured  by  borings  and  trial  pits ;  and  some 
dita  as  to  the  rainfall  of  the  locality,  and  the  height  of  the  floods  of  the 
ttjieains  and  rivers  to  be  traversed  or  dealt  widi  by  the  works,  should 
be  obtained.  In  fact,  as  intimate  a  knowledge  as  practicable  of  the 
[ibytical  characteristics  of  the  district  in  which  the  works  are  to  be 
arricd  out  is  most  desirable,  for  enabling  engineers  to  prepare  suitable 
ddigns  and  reliable  estimates  of  cost,  the  importance  of  special  branches 
of  information  varying  with  the  nature  and  object  of  the  work.  Thus 
the  natute  and  dip  of  the  strata,  and  the  existence  of  underground 
ipiiDp,  exercise  an  important  influence  on  the  design  and  cost  of  deep  _ 
nntiogi  and  lunjiels ;  tbc  rainfall,  the  catchment  area,  and  the  presenott  I 
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of  faults  or  fissures,  are  additional  essential  factors  in  the  provision  of 
water-supplies  for  towns ;  the  maximum  and  minimum  discharge  of 
rivers,  the  nature  of  their  bed,  their  fall,  and  the  amount  of  detritus 
they  bring  down,  determine  to  a  great  extent  their  capability  for 
improvement,  and  the  works  that  should  be  carried  out;  whilst  the 
direction  of  the  strongest  and  pre\'ailing  winds,  the  drift  of  sand  or 
shingle  along  the  coast,  the  rise  of  tide,  and  the  slope  of  the  sea-bottom, 
are  of  paramount  importance  in  the  design  of  works  for  the  formation  of 
harbours,  the  improvement  of  river  outlets,  and  the  protection  of  coasts. 

Borings,  and  Trial  Pits. — Ordinary  borings  furnish  the  cheapest 
and  most  expeditious  means  of  ascertaining  the  nature  of  the  strata 
below  the  surface  for  a  considerable  depth.  The  bore-hole  is  excavated 
through  soft  soil  by  turning  round  in  it  a  hollow  cylindrical  auger, 
somewhat  pointed  at  the  lower  end,  which  collects  and  brings  up  the 
material  when  lifted ;  and  as  the  bore-hole  is  carried  down,  it  is  lined 
by  thin  wrought-iron  pipes.  When  rock  or  other  hard  material  is 
encountered,  it  has  to  be  broken  up  by  the  blows  of  a  jumper  before 
it  can  be  raised  by  the  auger.  The  nature,  thickness,  and  position  of 
the  several  strata  are  thus  readily  indicated ;  and  by  the  aid  of  a  series 
of  borings,  a  sort  of  geological  section  of  the  ground  can  be  drawn  out. 
The  process  of  sinking  the  boring,  however,  so  disintegrates  the  more 
compact  materials,  such  as  indurated  silt,  clay,  or  rock,  that  it  is 
imix)ssible  to  form  an  accurate  opinion  of  the  condition  of  the  materials 
in  position  ;  and  in  this  respect,  diamond  boring  machines,  which  bring 
up  a  complete  core  of  the  strata  traversed,  afford  much  more  satisfactory 
indications  of  the  actual  condition  of  the  materials,  but  the  method  is 
considerably  more  expensive  than  the  ordinary  process. 

Trial  pits  enable  a  far  more  correct  idea  to  be  formed  of  the  exact  con- 
dition of  the  soil  at  the  various  depths,  and  are  not  subject,  like  borings,  to 
the  error  of  mistaking  a  chance  solitary  boulder  for  a  stratum  of  rock ;  but 
these  pits  occupy  a  much  longer  time  in  excavating,  and  are  considerably 
more  costly ;  and,  moreover,  their  excavation,  even  at  moderate  depths 
below  the  surface,  is  liable  to  be  impeded  by  the  influx  of  water  directly 
the  line  of  saturation  of  the  soil  is  reached.  Accordingly,  the  number 
and  depth  of  the  trial  pits  have  generally  to  be  stricdy  limited,  and  are 
confined  to  the  most  important  spots ;  whilst  extended  investigations  of 
the  nature  of  the  ground  are  commonly  effected  by  borings. 

These  preliminary  investigations  of  the  strata  are  not  merely  needed 
for  determining  the  proper  side  slopes  for  the  cuttings,  the  nature,  and 
consequently  the  cost,  of  the  excavations,  and  the  depth  to  which  the 
foundations  of  bridges,  walls,  and  buildings,  will  have  to  be  carried,  but 
they  are  also  very  valuable  in  indicating  to  what  extent  the  materials 
obtained  from  the  excavations  may  be  suitable  for  the  purposes  of  the 
works,  such,  for  instance,  as  masonry,  pitching,  ballast,  or  concrete, 
which  has  an  important  bearing  on  the  cost  of  the  works. 

Parliamentary  Plans  and  Sections. — Except  where  the  works 
are  kept  within  the  property  of  a  single  landowner,  it  is  generally 
necessary,  in  the  United  Kingdom,  to  obtain  parliamentary  sanction 
for  the  works,  so  as  to  secure  the  compulsory  purchase  of  the  land 


PARLIAMENTARY  PLANS,  AND  CONTRACT  DRA  WINGS.   3 1 

required  for  the  undertaking.  In  the  case  of  large  works,  this  is 
accomplished  hy  means  of  a  private  Bill  in  Parliament ;  and  often,  for 
small  works,  the  cost  is  notahly  reduced  by  applying  for  a  "  Provisional 
Order,"  with  the  sanction  and  aid  of  the  Board  of  Trade. 

In  return  for  the  privileges  conferred  on  the  promoters  of  the  scheme, 
when  the  Bill,  after  passing  through  both  Houses  of  Parliament,  is  con- 
verted into  an  Act  on  receiving  the  Royal  assent,  certain  preliminary 
conditions  have  to  be  complied  with,  in  order  to  safeguard  the  interests 
of  the  public,  and  to  give  due  notice  to  the  owners  and  occupiers  of  the 
lands  proposed  to  be  taken  for  the  works.  Plans  and  sections  of  the 
proposed  works,  drawn  up  in  accordance  with  the  "  Standing  Orders  " 
of  Parliament  published  each  year,  have  to  be  deposited  before  the 
30th  of  November,  and  estimates  of  cost  furnished  before  the  end  of 
the  year,  for  all  schemes  for  which  an  Act  is  to  be  sought  in  the 
following  session.  The  plans  show  the  general  lines  of  the  works ;  and 
each  separate  enclosure  within  the  *'  Limits  of  Deviation  "  is  indicated 
by  a  special  number  in  each  parish,  corresponding  with  similar  numbers 
in  the  "  Book  of  Reference,"  in  which  a  descripdon  of  the  properties 
is  given,  with  the  names  of  the  owners  and  occupiers,  to  whom  notice 
of  the  application  has  to  be  sent,  and  who  have  access  to  a  copy  of 
the  plans  relating  to  their  parish.  The  sections  show  the  levels  of  the 
proposed  works,  and  consequently  indicate  how  they  will  affect  the 
adjacent  land.  The  works,  when  sanctioned,  have  to  be  carried  out 
within  the  limits  of  deviation  shown  by  dotted  lines  on  the  deposited 
plans ;  and  the  levels  generally  can  only  be  raised  or  lowered  5  feet 
^om  the  levels  shown  upon  the  deposited  sections.  A  period  is  named 
in  the  Act  within  which  the  purchase  of  land  can  be  effected  under  it ; 
and  a  longer  limit  is  also  stated  for  the  completion  of  the  authorized 
works.  Any  relaxation  of  these  restrictions  has  to  be  sought  by 
application  for  a  fresh  Act. 

Workiiig  or  Contract  Drawings. — As  soon  as  it  has  been 
decided  to  carry  out  any  work,  and  the  preliminary  surveys  and 
investigations  have  been  completed,  the  working  or  contract  drawings 
are  prepared,  showing  in  adequate  detail  the  various  works  proposed, 
to  enable  operations  to  be  commenced,  or  a  contract  to  be  obtained  for 
their  execution,  and  from  which  a  more  detailed  and  exact  estimate  of 
cost  can  be  prepared.  These  drawings  are  supplemented,  as  the  work 
proceeds,  by  numerous  detailed  drawings  of  the  smaller  and  more 
intricate  portions  of  the  works,  to  larger  scales  for  the  guidance  of 
the  workmen  or  the  contractor ;  and  drawings  showing  the  foundations 
and  works  as  actually  executed,  should  be  prepared  by  the  engineering 
staff  as  the  work  progresses,  so  tiiat  an  exact  record  may  be  preserved 
for  future  reference,  in  the  event  of  repairs  or  extensions  being  required. 

Methods  of  carrying  out  Works. — The  execution  of  the  works 
is  generally  entrusted  to  a  contractor,  who  enters  into  a  contract  to  carry 
out  the  works  according  to  specified  conditions,  under  the  supervision 
and  direction  of  the  engineer,  for  a  definite  sum,  or  in  accordance  with 
a  fixed  schedule  of  prices  for  the  different  classes  of  work.  Occasionally, 
however,  the  authorities  or  companies  undertake  the  works  themselves. 
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entiusiing  the  uxeculion  to  their  exwuiive  engineer  and  other  ol 
and  this  course  is  more  particularly  resorted  to  in  dredging  opetatiooi 
for  deepening  a  river  or  the  approaches  to  a  port,  where  the  amount  t£ 
work  cannot  be  easily  defined,  and  may  ^■arj-  in  character,  and  also  for 
the  erection  of  breakwaters  in  the  sea,  for  which  a  contractor  is  U^ 
to  demand  an  excessive  price  for  the  risks  of  sea-works.  In  most  cases 
the  contract  system  is  preferred,  on  account  of  the  limit  that  it  placa 
on  the  cost  of  the  works,  and  the  freedom  it  affords  front  liability  fn 
damages,  accidents,  and  other  unforeseen  contingencies ;  but  geneniijT 
additional  works  raise  the  actual  expenditure  above  the  contract  siUDi 
especially  in  large  undertakings ;  and  occasionally  the  bankruptcy  V 
death  of  the  contractor  entails  delays  in  the  completion  of  the  woriUi 
and  an  increase  in  their  cost. 

Specification. — Every  contract  for  the  execution  of  engineering 
works  is  based  on  the  "  Contract  Drawings,"  which  indicate  the  genenl 
character  and  extent  of  the  works,  their  construction,  and  the  mateiiii^ 
of  which  they  are  composed  ;  and  the  "  Specification,"  which 
detail  the  nature  of  the  works,  the  quality  and  proportions  of  Hat 
materials  to  be  employed,  and  provisions  and  stipulations  as  to  plant, 
temporary  works,  progress,  liability  for  accidents  and  damages,  llw 
setting  out  and  carrying  out  of  the  works,  super%'ision,  ineasuremciit< 
paynient,  time  of  completion,  and  all  other  matters  incidental 
contract.  The  contractor,  in  fact,  is  expected  to  bind  himself,  i 
sideralton  of  a  stipulated  sum  or  a  defined  rate  of  payment,  to  carrj 
out,  and  maintain  for  a  certain  time  after  completion,  usually  a» 
months  or  a  year,  the  works  indicated  in  the  contract  drawings,  under 
the  conditions  and  in  the  manner  laid  down  in  the  specification,  to  the 
satisfaction  of  the  engineer.  To  the  specification  is  appended  a  "  Form 
of  Tender,"  a  "  Schedule  of  Prices,"  giving  a  list  of  the  various  kinds  of 
work  to  be  canied  out ;  a  "  Form  of  Bond "  to  be  executed  by  llw 
sureties  for  the  due  performance  of  the  contract,  proposed  by  the 
contractor  and  approwd  by  the  company ;  and  a  "  Form  of  Contract " 
to  be  signed  and  sealed  by  the  company  and  the  contractor. 

Tenders. — As  soon  as  the  contract  drawings  and  the  specification 
arc  ready,  contractors  are  invited  by  advertisement  to  lender,  or  in 
some  cases  the  invitation  is  confined  to  a  selected  list  of  contractors ; 
and  each  contractor  desiring  to  tender  is  given  access  10  the  contract 
drawings,  the  results  of  borings,  and  any  other  particulars  of  impor- 
tance ;  he  is  sometimes  furnished  with  the  quantities  of  the  difTercnt 
classes  of  work  taken  out  by  the  engineer,  which  he  is  expected  to 
check ;  and  he  is  provided  with  a  copy  of  the  speclficatioti  with  Its 
appended  forms.  A  dale  is  named  on  or  before  which  the  tenders 
have  to  be  sent  in,  with  llie  form  of  tender  filled  in,  giving  the  contract 
Bum  and  the  names  of  the  proposed  sureties,  and  a  price  afiixed  opposite 
each  item  in  tiie  schedule  of  prices.  It  is  invariably  stated  that  the. 
company  do  not  bind  themselves  to  accept  the  lowest  or  any  tender ;  but 
generally,  provided  the  contractor  is  supposed  to  be  competent,  and  his 
sureties  arc  considered  capable  of  paying  up  the  penalty  named  in  th« 
eient  of  the  non-performance  of  the  i;ontract,  the  lowest  tender  is  accepted. 
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Lnmp-BTiin  Contract. — The  most  satisfactory  form  of  contract 
is  where  a  total  or  lump  sum  is  named,  which  is  based  upon  a  schedule 
of  prices,  for  in  this  manner  the  expenditure  of  the  company  upon  the 
proposed  works  is  clearly  defined  at  the  outset ;  and  if  changes  in  the 
quantities  of  the  work  are  introduced  during  the  progress  of  the  works, 
they  are  regulated  by  the  schedule  of  prices.     Properly,  in  this  form  of 
contract,  the  total  quantities  of  the  different  works,  as  indicated  by  the 
drawings,  multiplied  by  the  respective  prices  in  the  schedule,  should 
correspond  to  the  contract  sum ;  and  if  less  or  more  of  any  classes  of 
work  are  actually  executed  than  shown  on  the  drawings,  a  corresponding 
reduaion  in,  or  addition  to,  the  contract  sum  should  be  made,  reckoned 
at  the  prices  given  in  the  schedule.     In  practice,  it  is  impossible,  and 
indeed  often  undesirable,  to  adhere  strictiy  to  the  contract  drawings ; 
and  the  above  adjustment  of  cost  is  fair  for  both  sides ;  but  a  contractor 
is  much  more  ready  to  agree  to  additions  to  the  sum  he  is  to  receive, 
than  to  any  reductions  from  it  on  account  of  work  omitted  as  un- 
necessary.   It  is,  however,  most  important  to  include,  as  far  as  possible, 
in  the  specification  and  schedule  of  prices,  all  classes  of  work  likely  to 
be  required ;  for  any  deviations  from  the  specified  works,  and  any  kinds 
of  work  not  put  down  in  the  schedule  of  prices,  afford  the  contractor 
an  opportunity  of  claiming  a  higher  proportionate  rate,  which  it  is 
difficult  to  adjust  fairly;  and  these  modifications  and  additions  make 
up  the  daim  for  "  extras,"  which  not  unfrequently  constitute  a  consider- 
able and  unwelcome  augmentation  of  the  original  contract  sum.     A 
specification  carelessly  drawn  up,  or  ambiguously  worded,  and  an  in- 
adequate list  of  classes  of  work  in  the  schedule  of  prices,  may  eventually 
involve  a  company  in  considerable  additional  expense ;  for  a  contractor 
is  only  bound  to  carry  out  the  works  in  the  manner,  and  according  to 
the  stipulations  contained  in  the  specification ;  and  the  cost  of  alterations 
in  the  works  is  only  regulated  by  the  schedule  of  prices  so  far  as  they 
are  applicable. 

Progress  of  the  Works. — As  soon  as  the  contractor  is  ready  to 
commence  the  works  he  has  undertaken  to  carry  out,  the  company 
must  put  him  in  possession  of  the  required  land,  so  that  he  may  be 
unable  to  claim  compensation  for  delay  or  hindrance  on  this  account. 
In  most  specifications,  the  contractor  is  made  responsible  for  the  correct 
setting  out  of  the  works;  but  without  relieving  the  contractor  of  his 
legal  liability,  this  work  is  generally  best  performed  by  a  competent 
resident  engineer,  leaving  the  contractor  free  to  check  the  correctness 
of  the  lines  and  levels  if  he  thinks  fit. 

The  stability  of  many  classes  of  work  essentially  depends  upon  the 
strength  and  good  quality  of  the  materials  employed,  and  the  manner 
in  which  the  work  is  executed.  It  is  the  engineer's  duty  to  see  that 
samples  of  all  materials  used  in  the  works  are  subjected  to  adequate 
^ests  or  inspection,  as  the  case  may  be,  and  to  ensure  thorough  super- 
vision of  the  execution  of  all  important  portions  of  the  work.  Thus, 
whilst  large  quantities  of  earthwork  may  be  carried  out  in  excavations 
and  embankments  with  little  looking  after,  supervision  is  required  in  all 
kinds  of  construction  work,  such  as  brickwork,  masonry,  and  ironwork, 
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and  more  particularly  in  works  which  depend  for  their  soundness  on 
their  manner  of  execution,  and  those  which  are  subsequently  hiddeP 
from  view,  such  as  foundations,  concrete,  especially  under  water, 
reser\'oir  dams,  retaining  and  dock  walls,  tunnels,  sewers,  and  conduits. 
In  fact,  a  thorough  and  efficient  system  of  testing,  inspection,  and  super- 
\'ision,  is  essential  for  the  satisfactor)'  carrying  out  of  works. 

All  the  plant  and  materials  required  for  the  execution  of  the  works 
are  usually  provided  by  the  contractor ;  and  a  stipulation  is  generally 
inserted  in  the  specification  that,  on  being  brought  on  to  the  works, 
they  shall  become  the  property  of  the  company,  with  the  object  of 
their  not  being  liable  to  be  seized  in  the  event  of  the  contractor  be- 
coming bankrupt,  and  in  order  that  they  may  be  retained  for  the 
prosecution  of  the  works  if  the  contractor  fails  to  carry  out  his  contract 
The  plant  and  unused  materials  only  revert  to  the  contractor  on  the 
completion  of  the  works. 

Payments  for  Works. — Provision  is  made  in  the  specification  for 
making  payments  on  account  to  the  contractor,  at  inter\*als  of  one  or 
two  months,  for  work  done,  according  to  measurements  made  by  the 
resident  engineer,  calculated  at  the  rates  given  in  the  schedule  of  prices. 
In  practice,  the  most  convenient  method  of  ascertaining  the  value  of 
tlie  work  done  during  the  specified  inter\*al,  is  to  measure  the  total 
amount  of  work  executed,  and,  after  arriving  at  its  value,  to  deduct  the 
total  value  of  work  done  at  the  preceding  measurement.  A  deduction 
of  ten  per  cent,  is  usually  made  from  each  certificate,  thas  made  out,  of 
the  \  alue  of  tlie  work  done  during  the  several  intervals,  which  is  retained 
b\  the  company  till  the  completion  of  the  works,  when  half  of  the  total 
amount  thus  retained  is  paid  over  to  the  contractor,  and  the  other 
lialf  is  only  paid  at  the  expiration  of  the  term  of  maintenance,  on  the 
engineer  certifying  that  the  works  have  been  completed  and  maintained 
to  his  satisfaction,  in  accordance  with  the  provisions  of  the  contract. 

Completion  of  the  Works. — As  the  capital  expended  on  work» 
is  generally  unremunerative  till  the  works  have  been  finished,  and  the 
benefits  to  be  derived  from  the  works  remain  in  abeyance,  a  period  ii* 
commonly  named  in  the  specification  within  which  the  works  are  to  be* 
completed.  Often,  however,  unforeseen  contingencies,  accidents,  and 
additional  works  delay  the  final  completion  of  the  works ;  and  thougl^ 
sometimes  a  penalty  is  named  in  the  specification,  proportionate  to  the 
time  by  which  the  time  occupied  in  the  performance  of  the  contract 
exceeds  the  stipulated  period,  its  enforcement  upon  the  contractor  is 
surrounded  by  difticulties.  Generally  the  best  security  for  the  speedy 
completion  of  works,  is  the  interest  the  contractor  has  in  releasing 
his  i)lant  and  being  i)aid  his  retentions.  Contractors  and  their  agents 
naturally  vary  considerably  in  their  capacity  for  organization,  and  the  ^ 
|)ower  of  carrying  out  works  with  efficiency  and  rapidity :  and  the 
command  of  a  large  capital  is  a  great  assistance  in  the  prosecution  of 
works.  A  contractor  with  limited  capital  will  naturally  tr)*  to  do  the 
most  paying  work  first,  regardless  of  the  general  progress  of  the  work, 
and  will  place  as  little  plant  as  possible  on  the  ground:  whereas  a 
contractor  with  ample  means  is  able  to  provide  an  adequate  supply  of 
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plant  at  the  outset,  and  concerns  himself  more  about  the  final  outcome 
from  the  works  on  their  completion,  than  about  an  immediate  profit 
The  works,  indeed,  are  necessarily  far  more  likely  to  be  efficiently  and 
expeditiously  carried  out  under  the  latter  conditions  than  under  the 
former;  but,  though  the  engineer  would  naturally  prefer  to  entrust 
rf»e  woik  to  the  most  competent  of  the  contractors  tendering  for  it, 
^  lowness  of  a  tender  is  generally  allowed  to  override  all  other 
considerations. 

Remarks  on  the  Carrying  out  of  Works. — Probably  the  best 
work  is  accomplished  when  entrusted  to  a  competent  executive  engineer, 
without  the  intervention  of  a  contractor ;  but  the  ultimate  cost,  under 
these  conditions,  is  necessarily  more  imcertain,  and,  except  in  the  case 
of  dredging  and  certain  classes  of  sea-works,  is  liable  to  be  larger  than 
witii  a  contract  Works  are  executed  under  the  most  unsatisfactory 
conditions  when  the  contractor  provides  the  funds  for  the  undertaking, 
or  finances  it,  as  it  is  said ;  for  then  the  contractor  can,  in  a  great 
measure,  dictate  his  own  terms,  and  secure  a  predominating  influence 
in  the  management,  so  that  the  engineer  is  hampered  in  the  performance 
of  his  duty  of  rigorous  supervision,  which  furnishes  the  main  safeguard 
for  the  efficient  carrying  out  of  the  works. 

Thorough  inspection  and  supervision  are  second  only  in  importance 
to  correctness  of  design  for  the  successful  prosecution  of  works,  especially 
those  carried  out  by  contract ;  for  the  contractor  naturally  pays  most 
attention  to  the  economical  conduct  of  the  works,,  and  generally  relies 
on  the  engineer  and  his  subordinates  seeing  to  their  efficiency  and 
conformity  with  the  contract.  Excellency  of  workmanship  cannot, 
indeed,  inake  up  for  deficiencies  in  the  design ;  but  a  good  design  may 
be  seriously  impaired  by  inferior  work ;  and  sound  work  must  be  com- 
bined with  a  suitable  design,  to  secure  a  successful  result. 
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CHAPTER   IV. 

EXCAVATIONS,     DREDGING,    PILE  -  DRIVINGi    AND 

COFFERDAMS. 

Objects  of  operations — ExcaYation :  ordinar}'  excavation,  removal  of  earth- 
work, executed  by  piecework  ;  excavators  and  steam-nawies,  methods 
of  working ;  excavation  in  hard  rock ;  formation  of  embankments ; 
methods  of  removing  Excavations — Dredging :  objects  ;  types  of  dred- 
gers ;  bag  and  spoon  ;  bucket-ladder  dredgers,  stationary  and  hopper ; 
dipper  bucket  dredger ;  grab ;  sand-pump— Remarks  on  dredging 
machines — Methods  of  breaking  up  rock  under  water,  blasting,  floating 
diving-bell,  in  New  York  harbour,  rock-breaking  plant ;  conveyance  of 
dredged  materials,  by  chain  of  buckets  and  waggons,  by  waggons  on 
barges,  through  long  shoots,  through  floating  tubes  ;  remarl^,  com- 
parison of  excavating  and  dredging,  cost  of  dredging — ^Pile-drlYixig : 
piles,  cap  and  shoes ;  ordinary  pile-driving ;  steam  pile-drivers ; 
gunpowder  pile-drivers  ;  water-jet  ;  bearing  piles ;  sheet  piling— 
Cofierdams :  objects  and  construction ;  single-sheeted  conerdam ; 
double  row  of  piles  with  puddle  wall ;  wrought-iron  caissons,  instances  ; 
earthwork  dams  ;  closure  of  dams,  timber,  and  embankments. 

Certain  operations  will  be  considered  in  this  chapter  which  are  very 
largely  employed  in  carrying  out  civil  engineering  works.  Excavation^ 
in  some  form  or  other,  can  very  rarely  be  dispensed  with  in  the  execu- 
tion of  works ;  and  it  often  constitutes  a  very  important  branch  of  the 
undertaking,  and  involves  a  large  proportion  of  the  expenditure,  as,  for 
instance,  in  the  construction  of  railways,  canals,  and  docks.  Dredging, 
though  not  so  extensively  applicable  to  the  execution  of  works  as 
excavation,  is  essentially  necessary  for  certain  classes  of  works,  such  as 
the  deepening  of  rivers  and  canals,  the  improvement  of  the  approach 
channel  to  harbours,  and  the  maintenance  of  the  depth  in  docks  and 
harbours.  Pile-driving  is  resorted  to,  in  many  cases,  for  the  formation 
of  cofferdams  to  exclude  water  from  foundations,  and  for  providing 
stable  foundations  on  soft  soil  by  the  insertion  of  bearing  piles,  as  well 
as  in  the  construction  of  quays,  wharves,  and  jetties ;  whilst  coffeidams 
arc  often  indisi)ensal)le  preliminary  works  in  the  formation  of  docks, 
and  for  laying  the  foundations  of  piers  for  bridges  across  rivers. 

KXCAVATION. 

Excavation  and  dredging  consist   essentially   of   two    operations, 
namely,  the  digging  out  of  the  material  from  the  site  which  it  occupies 
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^^  a  more  or  less  compact  mass,  and  its  removal  to  a  suitable  place  of 
^eposit ;  but  whilst  excavation  relates  to  digging  operations  conducted 
in  the  open  air,  dredging  consists  in  removing  the  material  from  under 
%  nter. 

Ordinary    Excavation. — All   excavations   are  commenced  by 
manual  labour,  the  soil  being  dug  out  by  a  gang  of  labourers  with 
spades  or  shovels,  and  loaded  into  barrows,  which  are  then  wheeled  by 
another  gang  along  lines  of  planks  to  the  place  of  deposit,  or  tipped  into 
waggons.    The  earth  has  often  to  be  loosened  by  pickaxes  from  the  face 
of  the  excavation  before  it  can  be  shovelled  up ;  and  when  a  gully  or 
trench  has  been  carried  into  a  cutting,  bars  are  commonly  driven  down 
at  intervals  along  the  top  on  each  side,  in  a  line  with  the  face  and  a 
short  distance  back,  eventually  forming  a  longitudinal  crack,  thereby 
releasing  a  long  block  of  material  from  the  mass,  so  that  it  can  be 
thrown  down  into  the  trench  to  be  removed  by  shovels,  or  tipped  direct 
into  waggons  standing  below  on  a  line  of  rails  laid  along  the  trench. 
In   India,  baskets  are  used  by  the  natives  instead  of  wheelbarrows, 
which  they  carry  to  the  place  of  deposit.    When  the  excavations  are 
considerably  below  the  level  of  the  depositing  ground,  as  in  dock  works, 
steep  inclined  planes  are  made  with  planks  along  the  side  slopes,  up 
which  the  men  ascend  holding  their  wheelbarrows  with  straight  arms, 
being  hauled  up  by  means  of  a  chain  attached  to  the  front  of  the  wheel- 
barrow, which  passes  over  a  pulley  on  a  staging  at  the  top  of  the  incline, 
and  is  drawn  along  by  a  horse.     Skips  also,  raised  by  a  steam-crane 
I     standing  on  a  wall,  are  employed  for  removing  excavated  material  from 
■     the  bottom.  ^ 

^  Waggons  drawn  by  horses  along  a  line  of  rails  are  the  ordinary  means 
of  conveying  the  earthwork  from  the  cutting,  for  a  moderate  distance,  to 
the  place  of  deposit.  When,  however,  the  "  lead,"  or  the  distance  to  be 
traversed,  is  long,  or  the  excavation  is  proceeding  rapidly,  so  that  a  train 
of  waggons  is  quickly  filled,  locomotives  are  employed  for  conveying 
the  waggons  to  their  destination. 

The  powerful  men  who  generally  carry  out  extensive  excavations  on 
hige  public  works  are  called  navvies.  Such  work  is  usually  executed 
as  piecework,  the  men  being  paid  in  proportion  to  the  amount  of  work 
done,  which  leaves  them  more  freedom  of  action  as  to  the  periods  of 
their  work,  and  obviates  any  necessity  for  supervision,  beyond  seeing 
that  the  excavation  is  performed  at  the  required  places,  and  to  the 
proper  lines  and  levels. 

Excavators  and  Steam-nawies. — ^Where  large  quantities  of 
excavation  have  to  be  carried  out,  as,  for  instance,  for  docks,  ship- 
canals,  and  large  railway  cuttings,  and  especially  where  the  climate  is 
unhealthy,  labour  is  scarce,  or  strikes  are  liable  to  occur,  mechanical 
appliances  have  been  resorted  to  for  saving  manual  labour  and 
expediting  the  work.  These  excavators  and  steam-navvies  are  made 
according  to  two  distinct  types,  the  excavators,  worked  by  steam,  being 
fomished  with  a  chain  of  buckets,  like  an  ordinary  bucket-ladder 
dredger,  and  the  steam-navvies  working  with  a  single  large  bucket. 

An  excavator  generally  works  along  the  top  of  a  cutting,  witii  the 
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ladder  carrying  the  chain  of  buckets  extending  donn  the  slope,  and 
planes  off  a  slice  of  the  slope  by  the  revolution  of  its  buckets  and  its 
gradual  onward  motion  along  a  line  of  rails  laid  at  the  top  of  the  slope, 
as  shown  in  Fig.  i ;  and  therefore  it  is  very  serviceable  for  the  enlai^ 
ment  of  cuttings.  Sometimes,  indeed,  with  a  modified  arrangement, 
this  form  of  excavator  is  employed  at  the  bottom  of  a  cutting  for 
extending  it,  by  placing  the  ladder  in  a  horizontal  position,  and  project- 
ing it  in  advance  of  the  truck  which  carries  it,  so  that  the  chain  of 
buckets  in  revolving  may  excavate  the  face  of  the  cutting.^  This  type 
of  excavator,  however,  though  tried  at  the  Panama  Canal  works, 
excavates  somewhat  at  a  disadvantage  in  the  bottom  of  a  cutting  as 
compared  with  a  steam-navvy ;  whilst  the  ordinary  type  working  from 


the  top  has  been  very  extensively  used,  having  been  first  introduced  on 
the  Sue/  Canal  works,  and  subsequently  adopted  on  the  Danube 
regulation  vforks,  the  enlargement  of  thu  Ghent -Temeuzen  Canal,  the 
formation  of  the  Tancarville  Canal,  the  Panama  Canal  works,  and  the 
Manchester  Ship-Canal.'  These  excavators  possess  the  advantage  of 
raising  the  material  to  the  top  of  the  cutting,  thereby  reducing  the  cost 
of  haulage ;  but  the  track  upon  which  they  travel  has  to  be  laid  very 
solidly,  with  heavy  steel  rails  and  stout  sleepers,  to  carry  the  heavy 
weight  without  settlement ;  and  where  the  ground  is  soft,  precautions 
have  to  be  taken  to  prevent  the  machine  tipping  over  into  the  cutting. 

1  I.t  GMlc  Civil,  vol.  V.  p.  393  and  plate  41. 

'  Procetdingt  e/tJu  InttitutiBn  0/  Mtikankel  Enginart,  Liverpool  MMting,  Jnly, 
iSgi,  pp.  419-414- 
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Moreover,  these  excavators,  which  work  very  economically  and  quickly 
in  loose,  soft  soils,  such  as  sand,  gravel,  loam,  and  light  clay,  are  unable 
to  cope  efficiently  with  stiff  clay,  boulders,  and  soft  roclc. 

TTie  steam-nawy  excavating  with  a  single  bucket,  which  is  some- 
times given  a  capacity  of  af  cubic  yards,  is  3  more  powerful  machine 
than  the  steam-excavator,  and  able  to  attack  any  kind  of  material  up  to 
soft  rock ;  and  it  is  very  suitable  for  excavating  in  the  bottom  of  a  cutting 
and  extending  it.  In  the  large  machines,  the  bucket  is  carried  by  a 
stout,  long  beam,  moving  in  a  strongly-framed  revolving  jib  by  means 
of  chains,  affording  the  bucket  a  considerable  range  of  work  in  front 
and  round  to  the  sides  (Fig.  a).  In  the  smaller  machines,  the  bucket  is 
hinged  to  the  lower  part  of  the  jib  of  a  revolving  steam-crane,  and 
worked  by  chains  and  a  pulley  hanging  from  the  top  of  the  jib,  which 
fonn  of  machine  possesses  the  advantage  of  being  lighter,  and  therefore 
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mori:  easily  shifted  from  place  to  place,  and  less  damaging  to  the  roads, 
and  is  capable  of  being  used  as  a  steam-crane  when  not  required  for 
excavating.  The  bucket  of  these  machines  is  provided  with  a  mov.ihle 
bottom  turning  on  a  hinge,  so  that  when  a  catch  is  released,  the  flap 
bottom  opens  downwards,  releasing  the  contents  of  the  bucket  into  a 
waggon  below  without  the  necessity  of  turning  the  bucket  over.  Sleaiii- 
nawies  are  now  ordiriarily  used  in  most  large,  deep  excavations,  such  as 
those  required  for  docks  and  ship-canals. 

Excavating  in  Hard  Rock.^Where  rock  has  to  be-  excavated 
which  is  too  hard  and  compact  to  be  loosened  by  a  pick  or  attacked  liy 
a  steam-nawy,  holes  have  to  be  drilled  in  it,  either  by  hand  or  by 
drilling  machines  worked  by  steam  or  compressed  air,  Chaiges  of 
blasting  powder,  dynamite,  rackarock,  tonite,  or  other  powerful  explosivi.-, 
are  then  inserted  in  the  holes,  formed  at  suitable  distances  njiart ;  and 
by  firing  these  mines,  the  rock  is  shattered.  The  use  of  percussion  and 
rotary  drilling  machines,  first  introduced  at  the  headings  of  the  Mont 
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Cenis  tunnel,  have  greatly  expedited  excavation  in  rock;  and  the 
adoption  of  compressed  air  for  driving  them,  facilitates  the  ventilation 
of  the  long  headings  in  forming  timnels  under  high  mountains. 

Formation  of  Embankments. — In  the  construction  of  a  rail- 
way, the  formation  of  embankments  across  valleys  constitutes  as 
important  a  part  of  the  work  as  excavating  cuttings  through  ridges. 
One  operation,  indeed,  is  the  complement  of  the  other,  as  the  materials 
removed  from  the  cuttings  ser\e  to  form  the  embankments.  The  earth- 
work from  a  cutting  is  loaded  into  tijvwaggons,  with  a  hinged-movable 
side  in  front,  retained  in  place  by  an  iron  hook ;  and  a  train  of  loaded 
waggons  is  drawn  by  horses,  or  a  locomotive,  near  to  the  end  of  the  tip 
of  the  adjacent  embankment  in  course  of  formation.  The  waggons  are 
then  uncoupled,  to  be  drawn  singly  in  succession  to  tip  their  contents 
over  the  extremity  of  the  embankment.  Some  old  sleepers  are  placed 
across  the  termination  of  the  line  of  rails  at  the  tip-end  of  the  embank- 
ment ;  and  the  body  of  the  tip-waggon  is  so  connected  in  front  to  the 
frame  carrying  the  wheels,  and  unconnected  at  the  back,  as  to  be 
capable  of  tipping  up.  Each  waggon  is  drawn  separately  by  a  horse,  at 
an  increasing  speed,  towards  the  end  of  the  tip ;  and  on  approaching  the 
extremity,  the  horse  is  pulled  aside  by  his  driver,  who  unhooks  the 
hauling  chain ;  the  man  at  the  tip-end  knocks  up  the  hook  which  kept  up 
the  movable  side  of  the  waggon  in  front,  as  the  waggon  runs  past  him ; 
and,  the  waggon  being  suddenly  arrested  in  its  course  by  the  sleepers 
across  its  road,  the  acquired  momentum  causes  the  free  body  of  the 
waggon  to  rise  at  the  back  and  shoot  out  its  contents  down  the  slope  of 
the  tip.  The  embankment  is  thus  gradually  pushed  forward,  and  is  at 
the  same  time  consolidated  by  the  passage  of  the  waggons  over  it  on 
the  top,  and  by  the  shock  of  the  tipping. 

Various  Methods  of  removing  Excavations. — In  moun- 
tainous, rugged  country,  aerial  transportation  has  sometimes  been 
adopted  for  the  removal  of  materials,  by  means  of  cables  hung  in  the 
air  from  supports,  along  which  loaded  skips  are  drawn. ^  This  system 
of  cable-ways  has  been  recently  employed  on  a  large  scale  for  the 
removal  of  the  excavated  materials  from  the  cuttings  for  the  Chicago 
Drainage  Canal.  The  steel  cables  were  supported  from  two  lattice-work 
towers,  about  90  feet  high,  on  each  side  of  the  cutting,  and  traversed  a 
maximum  span  of  700  feet ;  and  skips  and  trays  were  lowered  from  them 
into  the  cutting,  and  after  being  loaded  were  conveyed  along  these 
cable-ways  to  the  place  of  deix)sit  at  the  side  (Fig.  3).  Each  tower, 
with  its  anchorage,  was  moved  forward  by  an  engine  along  three  lines 
of  way  as  required.  The  cable-way  was  worked  by  an  engine  situated 
at  the  back  of  one  of  the  towers,  designed  to  lift  8  tons  300  feet  per 
minute,  and  convey  it  along  the  cable  at  the  rate  of  1000  feet  per 
minute.  Over  600  cubic  yards  of  excavation  have  been  removed  and 
deposited  by  one  of  these  cable-ways  in  a  day.^ 

'  A  finales  des  Fonts  et  Chaussfes^  1877  (i),  j).  390. 

*  **  The  Travelling  Cableway  and  some  other  DeviceJi  employed  by  Contractors 
on  the  Chicago  Main  Drainage  Canal,*'  Lidgerwood  Manufacturing  Company,  New 
York,  pp.  7-29 
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Another  method  of  conveying  the  excavated  materials  from  the 
bottom  of  a  cutting  to  a  high  spoil-bank  at  some  distance  from  the  side, 


CABLE-WAY. 
Fig.  3.~Chicas;o  Drainage  Canal. 
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was  adopted  on  the  works  of  the  Chicago  Drainage  Canal,  by  the  help 
of  a  cantilever  crane,  or  hoist,  travelling  along  one  edge  of  the  cutting. 
This  crane  consisted  of  a  straight,  steel  truss,  353  feet  long,  resting 
on  two  central  supports,  and  braced  above.  The  truss  dipped  down- 
wards over  the  cutting  to  the  further  side,  and  rose  at  the  opposite  end 
over  the  spoil-bank  at  the  back  (Fig.  4).  Loaded  skips  were  conveyed 
along  this  truss,  and  their  contents  were  deposited  on  the  mound,  which 

CANTILEVER  CRANE. 
Fig.  4.— Chicago  Drainage  Canal. 
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could  be  thus  raised  to  a  height  of  90  feet  from  the  surface  of  the 
ground ;  and  each  of  these  cranes  conveyed  and  deposited  about  600 
cubic  yards  of  material  per  day.^ 

Endless  travelling  belts  are  well-known  methods  of  conveyance, 
especially  in  grain  warehouses ;  and  a  machine  was  designed  for  the 
Chicago  Drainage  Canal  works,  for  conveying  the  excavations  from  the 
bottom  of  the  canal  to  the  spoil-banks  on  each  side,  worked  on  this 
principle.  This  cantilever  steel-belt  conveyor  consisted  of  a  bridge 
spanning  the  cutting,  with  cantilever  arms  at  the  two  ends  rising  above 

*  "The   Chicago   Drainage  Canal,"    Ingersoll    Sergeant   Drill    Company,   New 
York,  pp.  6  and  19. 
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the  spoil-banks  on  each  side,  having  lengths  of  172  and  148  feet 
respectively,  the  total  length  of  the  machine  between  the  extreme  ends 
of  the  cantilevers  being  640  feet.  The  belt,  formed  of  steel  pans  linked 
together,  dipped  down  into  the  cutting,  where  the  pans  were  loaded  by 
ploughs  worked  by  steam,  and  passed  over  drums  at  the  ends  of  the 
two  cantilever  arms;  the  material  raised  from  the  cutting  being  deposited 
on  the  bank  from  a  height  of  90  feet.^  This  machine,  which  was 
wrecked  by  a  gale  in  1895,  and  had  to  be  rebuilt,  was  able  to  cany  and 
deposit  about  1000  cubic  yards  in  the  day. 

Bridges  with  open  floors,  spanning  the  spoil-banks  at  the  sides  of 
the  Chicago  Drainage  Canal,  and  travelling  sideways,  were  also  used 
for  the  deposit  of  the  excavations,  the  material  being  brought  on  to  the 
bridge  either  by  waggons  drawn  up  an  incline  from  the  cutting,  or  by  a 
rubber-belt  conveyor  fed  with  crushed  material  by  a  granulator  supplied 
by  a  steam-navvy.^ 

Dredging. 

Dredging  consists  in  excavating  under  water,  and  raising  the  exca- 
vated materials ;  but  just  as  in  ordinary  excavation  on  land,  the  removal 
of  the  dredged  materials  to  a  suitable  site  forms  an  essential  portion  of 
such  operations.  Moreover,  when  the  material  to  be  removed  consists 
of  rock  too  hard  to  be  broken  up  by  the  steel  teeth  of  a  bucket  or  grab, 
blasting,  as  in  ordinary  excavation,  though  under  more  difficult  con- 
ditions, or  the  breaking  up  of  the  rock  by  blows,  constitutes  an  indis- 
ix^nsable  preliminary  ojHiration  to  dredging. 

Four  distinct  types  of  machines  are  used  for  dredging,  namely,  the 
bucket-ladder,  the  dipper  bucket,  the  grab,  and  the  sand-pump,  the 
choice  depending  upon  the  nature  of  the  work  and  the  conditions  imder 
which  it  has  to  he  carried  out ;  whilst  the  primitive  contrivance  termed 
the  bag  and  spoon,  is  employed  for  the  removal  of  small  quantities  of 
loose  material. 

Bag  and  Spoon.  -A  leather  or  canvas  bag  is  encircled  at  its 
mouth  by  an  iron  ring  fastened  to  the  end  of  a  long  pole,  constituting 
the  spoon ;  and  it  is  worked  by  two  men  in  a  barge,  to  which  it  is 
loosely  attached,  one  man  guiding  the  upper  end  of  the  pole,  whilst 
the  other  drags  the  bag  along  the  bottom  of  the  river  by  means  of  a  rope 
or  chain  fastened  to  the  lower  end  of  the  pole,  which  is  wound  up  by 
a  crab  at  the  far  end  of  the  barge  (Fig.  5).  The  material  is  thus 
scooped  up  by  the  flattened  ring  at  the  bottom,  and,  entering  the  bag, 
is  drawn  up  by  the  chain  and  deposited  in  the  barge.  This  machine  is 
only  suitable  for  deepening  small  channels,  removing  small  isolated 
shoals,  or  procuring  gravel  and  sand  from  a  river  for  building  purposes. 

In  the  aquaniotrice,"'  an  iron  scoop  or  bucket  is  substituted  for  the 

^  "Contractors*  Methods  employed  on  ihc  Chicago  Drainage  Canal,"  Lidgerwood 
Manufacturing  Company,  New  York,  p.  34. 
"  Jbid,,  pp.  30-33  and  36-39. 
^  Annahs  des  Fonts  et  Ckaussks^  1874  (2),  p.  188. 
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BAG  AND  SPOON. 
Fig.  6. 


bag,  SO  hinged  to  the  handle  that  it  can  be  turned  over  to  release  its 
contents ;  and  the  barge  being  moored  in  position,  the  chain,  dragging 
the  scoop  or  bucket  along  the  bottom,  and 
eventually  raising  it  to  the  surface,  is  wound  up 
by  paddlewheels  turned  by  the  current  at  the 
sides  of  the  barge.  This  machine  raised  gravel 
and  shingle  from  the  bed  of  the  Garonne,  at  a 
total  cost  of  i^d,  per  cubic  yard. 

Backet-ladder  Dredger. — ^This  dredger 
consists  of  a  vessel  of  small  draught,  carrying 
a  long  girder  or  beam,  one  end  of  which  is  held 
up  by  a  staging  on  the  deck  of  the  vessel,  and 
the  other  end  can  be  lowered  as  required  for 
dredging;  and  a  continuous  row  or  ladder  of 
iron  or  steel  buckets,  connected  by  a  pair  of 
endless  chains,  revolves  round  the  girder  by 
means  of  a  tumbler  at  each  end,  the  motion 
being  imparted  by  turning  the  top  tumbler  by 
steam-power  (Fig.  6).  The  buckets,  provided 
with  strong  steel  lips,  and  occasionally  with 
claws  to  disintegrate  stiff  material,  passing  in 
succession  horizontally  along  the  bottom,  scoop 
up  the  material;  and,  then  assuming  a  more 
upright  position,  they  raise  their  contents  out  of 
i^-ater,  and  turning  bottom  upwards  after  going 
round  the  top  tumbler,  discharge  their  load  into 
a  shoot,  which  leads  the  dredged  material  into  a 

central  tank  in  the  vessel,  or  into  a  barge  alongside.  The  vessel,  which 
is  anchored,  is  slowly  moved  forwards  or  sideways  by  hauling  on  its 
moorings  to  extend  the  deepening.  The  ladder  of  buckets  is  generally 
placed  centrally  in  the  vessel,  a  long  well  being  provided  in  the  central 
line  of  the  vessel,  through  which  the  ladder  is  lowered  for  dredging ;  but 
sometimes  the  ladder  is  situated  on  one  side  of  the  vessel,  and  occasionally 
a  ladder  of  buckets  has  been  put  on  each  side  of  a  vessel.  By  placing  the 
ladder-well  in  the  fore  part  of  the  dredger,  extending  out  to  the  bows, 
and  adopting  traversing  gear  by  which  the  ladder  can  be  carried 
forward  when  required,  the  dredger  can  cut  its  own  channel  in 
advance ;  but,  on  the  other  hand,  the  opening  in  tlie  bows  somewhat 
impairs  the  speed  and  seaworthiness  of  the  vessel.  The  depth  to  which 
a  bucket-ladder  dredger  can  excavate  depends  on  the  length  of  the 
ladder,  and  therefore  in  a  great  measure  on  the  size  of  the  vessel,  for 
the  ladder-well  must  be  long  enough  to  enclose  the  raised  ladder  when 
the  vessel  is  steaming  along;  and  the  size  of  the  buckets  must  be 
regulated  according  to  the  strength  of  the  machinery  employed  for 
driving  them,  and  may  be  larger  for  soft  soil  than  for  compact  strata. 

There  are  two  distinct  forms  of  bucket-ladder  dredgers,  known 
respectively  as  stationar)',  and  hopper  dredgers.  Stationary  dredgers, 
though  often  provided  with  propelling  machinery  for  shifting  their 
position,  remain  dredging  as  continuously  as  practicable  at  the  required 
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site,  and  discharge  the  dredged  materials  into  ba^es  towed  b^  tugs 
the  place  of  deposit,  or  into  steam  hopper  ba^es  which  discha^e  tb 
contenU  in  deep  water  by  opening  flap  doors  at  the  bottom  of 
hopper  or  central  well. 


Hopper  dredgers  combine  the  dredging  machinerj-  and  the  cen 
well  with  flap  doors  at  the  bottom,  or  hopper,  in  the  same  vessel, 
that  these  dredgers  load  themselves,  and  convey  the  dredged  mate 
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place  of  deposit.  Their  dredging  is,  accordingly,  intermittent, 
•nly  carried  on  till  their  hopper  is  full ;  after  which  some  time  is 
kI  in  going  to  and  from  the  depositing  ground, 
ionary  dredgers  more  fully  utilize  their  dredging  machinery,  and 
smaller  draught  than  hopper  dredgers  with  their  load ;  but  they 
tate  a  larger  plant,  and  take  up  a  larger  width  in  the  channel 
eir  attendant  barges.  Stationary  dre<^ers,  accordingly,  are  the 
len  the  amount  of  dredging  is  large  and  concentrated,  the 
le  depth  small,  the  width  of  the  navigable  channel  ample, 
;  place  of  deposit  distant ;  whilst  hopper  dredgers  are  preferable 
:he  dredging  is  moderate  and  scattered,  the  money  available  for 
ig  plant  limited,  the  channel  narrow,  and  the  depositing  ground 
1  moderate  distance. 

>per  Bucket  Dredger. — This  type  of  dredger,  which  may  be 
d  in  principle  as  a  greatly  magnified  form  of  the  bag  and  spoon 

by  steam,  is  practically  the  same  machine  as  the  steam-navvy, 
le  only  difference  that  the  huge  bucket  with  its  beam  and 
ing  derrick  are  carried  by  a  barge  instead  of  a  truck ;  and  the 
e  is  transported  on  water  and  excavates  in  it,  in  place  of  on 
id  in  dry  earth  (see  Fig.  2,  p.  39).    As,  however,  the  weight 

machine  is  of  little  consequence  when  floating  on  water,  as 
ed  with  running  on  land  along  lines  of  way  which  can  sometimes 
fficulty  be  maintained  on  soft  ground,  dipper  bucket  dredgers 
provided  with  larger  buckets,  worked  by  more  powerful 
ery,  and  having  a  greater  range  of  work  than  steam-navvies. 
lb  Backet  Dredger. — The  grab,  as  this  type  of  dredger  is 
lesignated,   consists   of    an    iron   or   steel    semi-cylindrical   or 
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Fig.  8. — Hemispherical. 


Fig.  7.— Semicylindrical. 


Sc.ilc 


lerical  bucket,  separating  when  opened  from  the  bottom  into 
ee,  or  four  sections,  with  sharp  edges  or  claws  at  their  lower 
r  penetrating  and  disintegrating  the  ground  on  to  which  it  is 
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lowered,  or  foi  gripping  boulders,  piles,  tmnlcs  of  trees,  < 
obstacles  to  be  raised  (Figs.  7,  8,  and  9).  The  grab  is  hung  b 
from  a  crane,  or  attached  to  the  end  of  a  spear  pushed  down 
derrick  or  beam: 
penetration  is  effe 
the  impact  of  tl^ 
bucket,  or  the  pus 
spear,  aided  by  ih' 
of  the  bucket.  Ti 
which  have  been  h' 
by  chains  in  lowe 
bucket,  tend  to  < 
their  weight  when 
in  the  act  of  rais 
closing  being  aii 
levers ;  and  the  sec 
coming  together, 
the  material  penet: 
3J  grip  the  obstructio 
is  tiien  raised  and  r 
The  inability  of  i 
to  penetrate  adequ 
to  compact  or  : 
ground,  unless  fore 
by  hydrauhc  power 
limits  its  general  aj 
hty  to  loose  soils  ar 
obstacles;  but  it  < 
suitable  materials  f 
depth  required  in 
and  its  operations 
stopped  by  small  » 
Sand-pump  D 
— The  raising  of  pi 
from  the  bed  of  a 
is  most  readily  a 
nomically  effected 
sand-pump  or  sucii' 
ger,  which  consists  < 
pipe  lowered  from 
and  dipping  slightly  into  the  sand  to  be  dredged,  up  which  a  si 
water  and  sand  is  drawn  by  a  centrifugal  pump  on  the  vessel, ; 
charged  into  the  hopper  of  the  dredger  or  into  a  barge  alongsid 
the  sand  settles  in  the  hopper  or  barge,  and  the  water  ev 
escapes  overboard  (Fig.  10).  Silt  can  also  be  raised  in  th 
manner,  but  as  it  settles  less  readily  than  sand,  a  much  larger 
tion  flows  away  with  the  water;  whilst  silt  mixed  with  the  sand 
reduces  the  quantity  of  material  raised  in  a  given  time,  by  its  beir 
less  readily  drawn  up  in  suspension,  ovring  to  the  adherenci 
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particles  together.  The  employment,  however,  of  rajudly  revolting 
cutters  encircling  the  bottom  of  the  pipe,  atid  thus  disintegiatiDg  and 
putting  into  suspension  the  material  to  be  dredged,  has  been  found, 
not  only  to  increase  largely  the  proportion  of  pure  sand  raised  wilh  the 
stream  of  water  drawn  up  the  pipe,  but  also  to  render  the  raising  of  i 
mixture  of  silt  and  sand,  and  even  clay,  by  suction  comparatively  easy 
(Fig.  ii).     By  fitting  a  flexible  piece,  or  a  telescopic  joint  at  the  end  of 


APPLIANCES   FOR   SUCTION   DREO0ER8. 
V\%.  tl. 


the  jiiiH',  lln'  Mirliiin  iltiilging  ran  be  continued  in  exposed  places  whe 
the  waves  tin  nut  i-Mcitl  ilitoc  or  fiiur  feet  in  height.  Two  very  larg 
sand-[)uni[i  (IrctlfjCTH  hiivc  bttii  used  fur  deepening  the  navigable  channc 
across  the  snml-liar  nl  ihc  mouth  of  the  Mersey  in  Liverpool  Bay,  eac 
of  them  being  cnguible  of  filling  its  hopper  with  3000  tons  of  sand  i 
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three-quarters  of  an  hour ;  ^  whilst  on  the  Mississippi  below  Cairo,  a 
powerftil  suction  dredger,  provided  with  revolving  cutters  surrounding 
the  suction-pipe,  has  proved  able  to  raise  nearly  5000  cubic  yards  of 
sand  per  hour  from  the  shifting  bars  encumbering  the  river.*  Still  more 
recently,  however,  comparative  trials,  made  in  1898,  with  two  precisely 
siinilar  suction  dredgers  purposely  built  for  dredging  on  the  Mississippi 
bars,  one  furnished  with  water-jets  and  the  other  with  cutters,  for 
stirring  up  the  sand  and  silt  close  to  the  mouth  of  the  suction-pipe, 
conclusively  proved  that  the  water-jets  render  the  dredging  much  more 
effective  than  the  cutters,  for  the  materials  forming  the  bars  of  the  Missis- 
sippi; and  the  second  vessel,  accordingly,  has  had  water-jets  substituted 
for  the  cutters.' 

Remarks  on  Dredging  Machines. — The  selection  of  the  type  of 
dredger  to  be  employed  must  be  determined  by  the  conditions  of  the 
site,  the  extent  and  position  of  the  shoals  to  be  removed,  and  the  nature 
of  the  material  to  be  dredged.  The  bag-and-spoon  dredger  is  only  suit- 
able for  a  very  limited  amount  of  work,  in  soft  or  loose  soil  The 
backet-ladder  dredger  is  best  adapted  for  removing  large  quantities  of 
niaterials,  ranging  in  quality  from  silt  to  boulder-clay  and  soft  laminated 
fock,  in  fairly  sheltered  sites ;  and  the  systematic,  extensive  deepening 
of  rivers,  harbours,  and  canals,  has  been  mainly  carried  out  by  dredgers 
of  this  type. 

The  dipper  bucket  dredger  has  been  largely  used  in  the  United 
States  for  the  improvement  of  navigation  on  large  rivers ;  and  it  is  very 
serviceable  for  extensive  deepening,  and  for  rough  work  in  compact 
strata;  but  it  is  not  so  well  suited  for  continuous  deepening  to  a 
•Moderate  extent  over  a  long  distance,  and  for  maintaining  the  depth, 
^  the  bucket-ladder  dredger  with  its  smaller  and  numerous  buckets. 

The  grab  dredger  is  a  comparatively  cheap  machine,  and  is  very 
useful  in  removing  silt  and  loose  soil  from  docks,  foundations,  the  inside 
of  cylinders,  and  other  confined  situations,  and  in  raising  rough  obstruc- 
tions, boulders,  and  large  pieces  of  blasted  rock,  from  considerable 
depths  in  exposed  places  ;  but  unless  furnished  with  specially  powerful 
appliances,  it  is  unable  to  penetrate  effectively  any  compact  strata, 
^loreover,  though  it  may  be  advantageously  employed  for  removing 
letached  shoals  of  loose  material  of  limited  extent,  a  grab  is  unsuited 
)r  rapidly  and  economically  carrying  out  extensive  works  of  deepening. 
The  sand-pump  dredger  has  proved  the  most  economical  and  effi- 
ent  machine  for  lowering  sandy  shoals ;  and  these  qualities,  and  the 
Dwer  of  working  in  exposed  situations,  have  enabled  this  type  of 
redger  to  open  out  and  maintain,  at  a  reasonable  cost,  an  adequately 
2ep,  navigable,  approach  channel  across  a  flat  sandy  foreshore  on  the 
acoast,  to  the  ports  of  Calais,  Dunkirk,  and  Ostend,  and  other  ports 
1  sandy  coasts,  and  more  recently  to  form  a  low-water  channel  across 

*  **  The    Sand    Dredger    Brancker,'*    A.   Blechynden,    International    Maritime 
ingress  London,  1893,  Section  III.,  pp.  52-61,  and  plate  i. 

'  *•  Report  of  the  Chief  of  Engineers,  U.S.  Army,  for  the  year  1896,"  part  vi, 

34^3- 

*  Ibid.^  1898,  part  v.  p.  3138  and  plates  6-1 1. 
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the  Mersey  bar.  The  sand-pump,  moreover,  when  provided  with  mter- 
jets  or  revolving  cutters,  is  rendered  capable  of  dealing  effidendy  with 
silty  and  clayey  shoals. 

Breaking  up  Bock  under  Water. — Sometimes  roclty  reefi, 
stretching  across  rivers  and  harbours,  present  bairieis  to  improvements 
of  the  nangable  channel,  which  require  to  be  broken  up  before  deepen- 
ing by  dredging  can  be  accomplished ;  and  the  enla^ment  of  the  Sua 
Canal  where  it  traverses  rocky  strata,  has  also  necessitated  the  breaking 
up  of  the  rock  before  the  widening  and  deepening  could  be  effected. 
Ordinarily  a  barge  is  moored  over  the  site  of  the  reef,  from  which  holes 
arc  drilled  in  the  rock,  in  which  dynamite  cartridges  are  inserted ;  and 
the  rock  is  shattered  by  the  explosion  of  the  charges,  and  can  then  be 
raised  by  a  dredger.  An  improved  modification  of  this  system,  adopted 
for  the  removal  of  rocks  in  the  St.  Lawrence  and  at  the  "  Iron  Gates" 
of  the  Danube,  consists  in  boring  holes  by  steam  Ingersoll  drills  inside 
iron  tubes  resting  on  the  rock, 
to  protect  the  drills  from  tbe 
current,  clearing  out  the  holes 
by  a  jet  of  water,  and  ex- 
ploding simultaneously  a  series 
of  dynamite  charges  in  the 
holes  by  electricity,'  Fropa 
are  lowered  down  from  the 
moored  drilling  barge,  by  aid 
of  which  the  barge  is  raised 
slightly  out  of  water  to  secure 
it  from  wave  motion  during 
the  drilling. 

Sometimes  the  drilling  of 
the  holes  for  blasting  isolated, 
submerged  rocks  in  harbours, 
has  been  effected  by  divers, 
as,  for  instance,  in  Holyhead 
and  Aldemey  harbours ;  and 
occasionally  diving-bells  have 
been  resorted  to,  thereby 
giving  the  miners  more  free- 
dom for  their  work,  as  in 
blasting  some  small  detached 
rocks  impeding  the  approach- 

F..T  »      s  *'*'"'^  °'  ''"''■        ao  F.  T       ^^h^"""^!  I*"  ^'e™  Yo'''  harbour. 

I '  1 1 1 1 1 1 1  iT 1 I       ""'"  A  special  form  of  diving- 

bell,  supplied  with  compressed 
air,  has  been  used  for  lowering  a  rock  in  Brest  harbour,  and  for  deepenii^ 
the  rocky  channel  of  access  to  the  naval  dockyard  at  Oierbouig,  having 
a  bottomless  working  chamber,  6J  feet  high,  below,  and  an  air  compart- 
ment above,  ballasted  so  as  to  float  upright,  with  a  central  shaft  rising 
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ore  the  highest  water-level,  and  affording  communication,  by  the  aid  of 

-locks,  between  a  raised  platform  at  the  top  and  the  working  chamber 

■he  bottom  '  (Fig.  1 1).    This  diving-bell  is  sunk  on  to  the  submerged 

k  by  letting  water  into  the  air  compartment,   above  the  working 

mber,  through  valves  in  the  side ;  and  the  men  mine  the  rock  forming 

floor  of  the  working  chamber,  by  the  help  of  compressed  air.    When 

laige  has  to  be  fired,  the  men  seek  shelter  in  the  large  air-locks  at 
base  of  the  shaft  on  the  roof  of  the  working  chamber ;  and  the 

ng-bell  can  be  readily  floated  off  the  rock  again  when  required,  by 

ittii^  compressed  air  into  the  air  compartment  through  valves  in 
ro(d'  of  the  working  chamber,   which  ejects  the  water  previously 

idoced  to  sink  the  apparatus. 

[d  the  ap[»txich  to  New  York  harbour  from  Long  Island  Sound, 
extensive  rocky  shoals  presented  serious  dangers  to  navigation, 

ely,  Hallett's  Reef  project- 
out  from  the   shore,  and  hook-breakinq  rams. 

idle  Reef  rising  up  in  mid- 

inel,  3  acres  and  9  acres  in 

I  resfiectively,  above  the  a6- 

,  contour  of  depth.     As  the 

inary    methods    of  blasting 

k  under  water  would  have 

n  too  slow  and  costly  under 

h  conditions,  a  shaft  was  sunk 

each  case,  and  a  network  of 

laies  was  formed  under  the 

ole  area,  leaving  pillars  of 

isupporting  the  roof.'  Holes 

re  then  bored  in  the  pillars 

d  roof,  and  blasting  charges 

wted,  which,  after  the  admis- 

u  of  water  for  tamping,  were 

ploded     simultaneously     by 

ctrieity  from  the  shore,  dyna- 

le  being  mainly  used  in  the 

■t  case,  and  rackarock  com- 

sed    of    potassium    chlorate 

i  nitro-benzol,  together  with 

!  explosion  of  most  of  the  charges  by  the  concussion  resulting  from 

■  firing  of  the  primary  exploders,  in  (he  second  case.     Most  of  the 

k  thus  shattered  had  to  be  removed  by  grab  dredgers,  in  order  to 

ain  the  rei|uisite  navigable  depth  of  26  feet  over  the  site  of  the  reefs. 
.\  method  of  shattering  submerged  rock  without  the  use  of  e\plo- 

es,  consisting  in  breaking  up  the  rock  by  repeated  blows  caused  by 
^11  of  a  chisel-pointed  heavy  weight,  has  been  adopted  with  success 

widening  the  Suez  Canal  through  the  rocky  cuttings,  and  in  removing 

t  of  the  rocky  shoal  forming  the  "  Iron  Gates  "  of  the  Danube.      The 
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lon^f  stcel-|)ointed,  iron  rock-breaking  rams  or  cutters,  weighing  from 
4  up  to  1 2  tons,  are  given  a  fall  of  from  5  to  20  feet,  guided  by  staging, 
and  are  raised  again  by  hydraulic  power ;  and  the  heaviest  cutters,  deal- 
ing from  thirty-five  to  one  hundred  blows  in  an  hour,  break  up  about 
2  cubic  feet  per  blow,  the  effect  of  the  blow  necessarily  depending  on 
the  nature  of  the  rock  (Fig.  13).^ 

Removal  and  Deposit  of  Dredged  Materials. — Besides  the 
system  of  hopper  dredgers  or  hopper  barges  depositing  their  loads  in 
deep  water,  so  commonly  employed  for  the  disposal  of  dredged  materials, 
other  methods  have  sometimes  been  resorted  to.  When  dredgings  dis- 
charged into  barges  have  to  be  deposited  on  land,  the  unloading  of  the 
barges  has  been  facilitated  by  using  a  chain  of  buckets,  projecting  and 
worked  from  a  jetty  extended  out  from  the  bank,  to  remove  the  soft 
material  from  the  barge,  and  discharge  it  through  a  shoot  into  waggons 
which  convey  it  to  the  spoil-bank  on  the  land.^  Sometimes,  in  order  to 
avoid  this  duplicated  scooping  up  and  discharge  of  the  material,  the 
waggons  are  run  on  to  the  barges  from  a  specially-constructed  landing- 

LONQ  SHOOT  FOR  DISCHARQINQ  DREDGINGS. 
Fig.  14.— Suez  Canal. 
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si;i^f,  so  that,  bfing  brouglit  abngsidc  tlic  dredger,  they  can  be  loaded 
ilirt-cily  with  IIk-  nuiliTial  falling  from  its  buckets  ;  and.  being  run  again  on 
to  the  land  at  the  stage,  ihcy  convey  their  load  straight  to  its  destination.' 
\\'here  large  (juantilies  of  material  have  to  be  conveyed  only  a  short 
distance  to  the  side,  as  in  dredging  sliip-canals  through  lakes  or  low 
ground,  and  occasionally  in  deepening  rivers,  long  shoots  or  floating 
tubes  from  the  dredger  to  the  bank  have  been  adopted  with  advantage. 
Thus  in  constructing  the  Suez  Canal,  shoots  5  feet  wide,  and  having  a 
maximum  length  of  230  feet,  conveyed  the  materials  from  the  dredgers 
lo  form  the  side  banks  (Kig.  14),^  the  passage  of  mud  or  sand 
along  the  shoot,  having  a  minimum  inclination  of  i  in  25  to  i  in  20, 
being  aided  by  a  stream  of  water,  and  in  the  case  of  clay  or  other 

'  JVoct'edifigs  Inst.  C.K.^  vol.  xcvii.  p.  369,  and  platr  9. 

*  Annates  des  Ponts  et  Chausstrs,  1 875  (I),  p.  405. 

^  Ibid,^  1S80  (I),  p.  29,  and  plate  2,  figs.  12  .inci  13. 

*  M^oir<s  de  la  iioci^U  des  Inginieurs  Civil s^  Pari-*,  1866.  p.  494,  and  plate  70. 
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stiff  material,  by  travelling  endless  chains  as  well ;  and  similar  shoots 
have  been  used  on  the  Maas,  the  Ghent-Temeuzen  and  Panama  canals, 
and  other  works. 

Long  wooden  tubes,  15  inches  in  diameter,  connected  by  leathern 
joints  and  buoyed  up  by  floats,  were  employed  during  the  formation 
of  the  Amsterdam  Ship-Canal  through  the  lakes  by  dredging,  for 
conveying  the  dredged  materials  a  maximum  distance  of  900  feet  to 
the  side  banks,  the  dredgings,  mixed  with  water,  being  force<J  through 
the  tubes  by  a  centrifugal  pump  capable  of  discharging  the  materials 
8  feet  above  the  water-level.^  By  joining  on  a  centrifugal  pump  about 
halfway  along  the  floating  tube,  the  sand  and  silt  dredged  for  the 
enlargement  of  the  Ghent-Temeuzen  Canal  could  be  discharged  as 
much  as  28  feet  above  the  water-level,  and  conveyed  considerably 
further  off  along  a  shoot ;  and  by  adjusting  another  pump  further  along 
the  tube,  the  materials  could  be  deposited  more  than  half  a  mile  away 
from  the  dredger.* 

Remarks  on  Dredging. — Dredging  possesses  advantages  over 
excavating  in  the  facility  with  which  dredgers  of  the  largest  size  and 
capacity  for  work  can  be  moved  from  place  to  place,  in  comparison  with 
the  care  and  labour  required  in  shifting  large  excavators  and  steam- 
nawies,  and  also  in  the  cheap  transport  by  water  of  the  dredgings  to 
the  place  of  deposit.  On  the  other  hand,  excavation  can  be  executed 
with  greater  precision  than  dredging ;  and  whilst  the  excavated  materials 
are  utilized  on  railways  in  forming  embankments,  and  on  dock  works  in 
forming  quays  on  low-lying  lands,  dredgings,  except  when  discharged 
on  to  the  side  banks,  are  generally  merely  got  rid  of  in  the  cheapest 
available  manner.  On  the  whole,  however,  dredging  is,  in  the  majority 
of  cases,  the  cheaper  method  of  executing  earthwork ;  and  under  con- 
ditions when  either  system  can  be  used,  the  preference  is  generally 
given  to  dredging,  of  which  portions  of  the  Suez  Canal  works  were  a 
notable  instance. 

The  cost  of  dredging  depends  upon  the  nature  of  the  material,  the 
concentration  of  the  work,  and  the  distance  of  the  place  of  deposit,  even 
more  than  the  cost  of  excavation  does ;  and  though  often  merely  the 
aaual  working  expenses  and  cost  of  repairs  are  adopted  as  the  basis 
for  ascertaining  the  cost  of  dredging,  interest  on  the  capital  expended  in 
the  dredging  plant,  and  an  allowance  for  the  depreciation  of  the  plant, 
constitute  essential  items  in  a  proper  estimate  of  cost.  Extensive 
dredging  operations  have  been  carried  out  with  bucket-ladder  dredgers 
on  various  rivers,  at  prices  ranging  between  7^.  and  ^d,  per  cubic  yard,  * 
though  in  some  instances  the  expenditure  has  been  notably  larger; 
whilst  on  the  Manchester  Ship-Canal,  grabs,  steam-navvies,  and  exca- 
vators removed  earthwork  at  a  cost  of  from  only  3^.  to  i^d,  per  cubic 
yard,*  which  cannot,  however,  be  regarded  as  an  ordinary  price  for 

'  Proceedings  Inst.  C.E.,  vol.  Ixii.  p.  6. 

=  *'  Lc  Canal  de  Terneuzen-Gand,  et  ses  Installations  Maritime.-,"  O.  Bruneel  and 
£.  Braum,  p.  21. 

-  "Rivers  and  Canals,"  L.  F.  Vernon-Harcourt,  2nd  Edit.,  vol.  i.  pp.  79  and  80. 

*  Proceedings  of  the  Institution  of  Mechanical  Eti^itucrs^  Liverpool  Meeting, 
July,  1891,  p.  424. 
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excavation.  The  rost  of  dredging  in  the  extensive  deepening  of 
channels  has  been  ven*  materially  reduced  of  late  years,  by  the  intro- 
duction of  larger  and  more  efficient  machines :  and  this  reduction  has 
been  specially  noticeable  in  dredging  with  sand-pumps.  Thus  whereas 
the  first  price,  in  1876,  for  removing  sand  from  the  approach-channel 
to  Hunkirk  harbour,  across  the  sandy  foreshore,  by  sand-pumps, 
amounted  to  is.  9</..  it  was  gradually  reduced  during  subsequent  years 
down  to  about  2d. :  and  the  raising  of  large  quantities  of  sand  from  the 
Mersey  bar  by  powerful  suction  dredgers,  has  been  accomplished  at  a 
cost  of  about  \\d,  per  cubic  yard.^ 


Pile-driving. 

The  driving  of  piles  into  the  ground  constitutes  an  important 
part  of  many  temporary  and  {)ermanent  works,  where  the  groimd  is 
soft,  the  intlux  of  water  has  to  be  guarded  against,  or  works  have  to  be 
carried  out  in  water. 

Piles. — Small,  straight  trunks  of  trees,  slripix^d  of  their  branches, 
and  driven  down  with  their  smaller,  upper  end  downwards,  are  some- 
times used  as  bearing  piles  for  supporting  structures  on  an  alluvial 
foundation,  as,  for  instance,  in  Holland.  Usually,  however,  piles  are 
formed  from  long,  squared,  fir  timber,  encircled  with  an  iron  ring 
shrunk  on  at  the  head  to  prevent  the  pile  splitting  under  the  blows 
of  the  ram,  and  protected  at  the  pointed  end  by  an  iron  shoe  fastened 
to  the  sides  of  the  pile  by  straps  and  spikes.  Single  piles,  or  the  main 
]Mles  of  a  cofferdam,  are  furnished  with  a  {X)inted  shoe  to  facilitate 
ihe  penetration  of  the  pile  into  the  ground;  but  in  driving  a  row  of  piles 
close  together  to  form  sheet-piling  for  cofferdams,  or  other  purposes, 
the  intermediate  piles  are  sometimes  provided  with  a  wedge-shaped 
cast-iron  shoe,  with  its  bottom  edge  in  line  with  the  piling,  and  slanting 
slightly  downwards  towards  the  adjacent  pile  previously  driven,  so  as 
to  make  the  pile  in  driving  come  close  up  to  its  neighbour.  Where 
the  material  through  which  the  piles  are  driven  consist  wholly  of  soft 
alluvium,  without  any  hard  stratum  being  reached,  shoes  may  be 
dispensed  with,  as,  for  instance,  in  the  piles  driven  for  supporting  the 
New  \ork  quays  in  the  muddy  foreshore  of  the  North  River,  and  for 
one  of  the  cofferdams  at  the  Portsmouth  Dockyard  Extension  Works. 

Ordinary  Pile-driving. — Piles  are  driven  into  the  groimd  by 
successive  blows  of  a  heavy  cast-iron  weight  falling  on  their  head. 
This  weight,  called  a  monkey  or  ram,  weighs  generally  from  half  a  ton 
to  over  a  ton  ;  it  is  raised  by  a  rope  or  chain  passing  over  a  pulley  at 
the  top  of  a  wooden  framework,  termed  a  pile-engine  (Fig.  15),  whicli, 
by  means  of  a  groove  in  its  nearly  vertical  front  face,  in  which  a 
])rojection  from  the  ram  slides,  serves  to  guide  the  weight  in  its 
descent.  The  fall  given  to  the  ram  varies  from  a  few  feet  up  to  a 
maximum    of  about   40   feet,  according   to   <'ircumstances ;   and    the 

'  British  Association  Report,  Liverpool  Meeting,  1S96,  p.  556. 
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catch  at  the  end  of  the  lifting  tackle  whicii  holds  the  ram  in  its  ascent, 
OQ  encountering  an  obstacle  on  the  pile-eagine,  placed  at  the  desired 
hdght,  on  being  pulled  by  a  rope,  releases  the  tam,  which  drops  upon 
the  head  of  the  pile  below. 

Though  the  ram  is  some- 
times  raised  by    manual 

labour   by  the  help  of  a 

winch,  an   endless  chain, 

worked  by  steam,  provided 

with  catches  at  intervals 

to  raise  the  ram,  enables 

more   rapid   blows  to   be 

dealt  with  ease  and  regu- 
larity. 

The  pile  must  be  of 

sound    timber    free    from 

cracks  or  knots,  otherwise 

it  is  liable  to  be  injured 

in  the  process  of  driving. 

.\s  the  driving  proceeds, 

ibe  descent  of  the  pile  at 

each     blow '     diminishes, 

owing  partly  to  the  in- 
creasing area  of  pile  ex- 
posed  to  friction  against 

ibe  ground,  and  partly  to 

the    greater   compactness 

of  the    soil    generally   as 

greater  depths  below  the 

surface   are    reached,    so 

that  the  fall  of  the  ram  has 

to  be  increased ;  and  often 

at  last,  three  or  four  blows 

are   needed   to   drive  the 

pile  down  an  inch.    When 

this  resistance   to  driving 

has    been    reached,    the 

driving  should  be  discon- 
tinued, as  such  a  slow  de- 
scent is  liable  to  be  merely 

the  result  of  the  brushing 

up  of  the  pointed  end  of 

the  pile  against  the  iron 

shoe   under  the  blows  of 

the  tarn.      The  efficiency 

of  the  blow  is  greatly  af-    ■ 

fected  by  the  solidity  of 

the    pile- head,    for    when 

fibres  are  brushed  up,  a  considerable  portion  of  the  force  of  the  blow 
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larnc  fall ;  but,  nevertheless,  the  rapidity  of  its  blows  makes  it 
mort;  etificienl  in  sandy  or  silty  soils,  for  the  pile  is  kept  in 

'   7raniiKtloni  eftht  American  SeeUtf  of  CivU  EngiiMert,  vol.  xii.  p. 

•  PrvcMdinp  Jnil.  C.E.,  vol.  Mcvii.  p.  a??, 

•  "JiimetNMBijrih,  Ml  Antobiogn^y,"pp.  a74-a7S- 
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constant  motion,  so  that  the  soil  has  not  time  to  settle  round  the  pile 

between  the  blows,  as  occurs  in  ordinary  pile-driving.     Moreover,  the 

iumping  up  of  a  pile  after  a  blow,  which  is  a  common  occurrence 

in  driving  through  quicksand,  is  prevented  by  the  weight  of  the  frame 

and  hammer,  amounting  to  7  tons,  which  also  assists  the  descent  of 

the  pile,  as  well  as   by  the  quick  succession  of  the  blows.     The 

driving  of  a  pile  with  this  machine  is  effected  in  a  few  minutes, 

which  would  occupy  over  an  hour  or  more  by  the  ordinary  method. 

In  other  forms  of  steam  pile-drivers,  the  ram  itself  forms  the  cylinder 

in  which  a  piston  is  fitted.     In  one  type,  the  piston-rod  rests  upon  the 

head  of  the  pile   (Fig.  17);  and  the  ram  is  raised  and  lowered  by 

admitting  steam  between  tfie  piston>head  and  the  top  of  the  ram,  and 

then  letting   it  escape  when  the  ram  has  reached  its  highest  point, 

causing  the  fall  of  the  ram.    In  another  type,  the  piercing  of  the  bottom 

of  the  ram  for  the  exit  of  the  piston-rod  is  obviated  by  providing  a  frame 

supported  on  the  pile,  from  the  top  of  which  the  ram  is  hung  by  its 

piston,  and   is  raised,  as  in   the  former  case,   by   admitting   steam 

between  the  top  of  the  ram  and  the  piston-head,  which,  however,  in 

this  instance,  is  at  the  bottom  of  the  piston-rod  instead  of  at  the  top. 

Gonpowder  Pile-driver. — By  fitting  a  steel  cap  on  the  top  of  a 
pile,  with  a  central  hollow  in  it  for  receiving  a  cartridge,  piles  can  be  driven 
by  the  explosion  of  gunpowder.^  The  ram  is  provided  at  the  bottom 
with  a  piston  which  fits  the  cylindrical  hollow  in  the  mortar  or  cap ; 
and  the  ram  having  been  raised  and  a  cartridge  inserted  in  the  mortar, 
on  releasing  the  ram  the  piston  enters  the  barrel  of  the  mortar,  and 
developing  heat  by  the  compression  of  the  air,  explodes  the  cartridge, 
causing  the  projection  of  the  ram  upwards  again,  being  controlled  in 
its  course  by  guides,  and  driving  down  the  pile  by  the  reaction  resulting 
from  the  explosion.  The  ram  can  be  arrested  at  any  desired  point  in 
its  ascent ;  and  the  best  rate  of  working  has  been  found  to  be  about 
twelve  blows  per  minute — a  convenient  rate  for  the  introduction  of  the 
cartridges,  which,  if  supplied  more  rapidly,  are  liable  to  be  exploded 
at  once  by  the  undue  heating  of  the  mortar  or  the  ignited  remains  of 
the  preceding  cartridge,  involving  the  waste  of  the  cartridge  and  the 
drawing  up  of  the  ram.  The  charge  of  the  cartridge  is  varied  according 
to  the  nature  of  the  ground,  to  avoid  injuring  the  pile  by  an  undue 
strain  ;  and  the  system  has  proved  efficient,  rapid,  and  economical. 

The  Water-jet  in  Aid  of  Pile-driving. — By  placing  two 
flexible  pipes,  or  hoses,  down  opposite  sides  of  a  pile,  with  their  nozzles 
extending  below  the  pile  and  directed  centrally  under  its  point,  from 
each  of  which  a  powerful  jet  of  water  under  pressure  is  discharged, 
the  soil  under  the  pile  is  greatly  loosened,  and  to  some  extent  scoured 
out,  so  that  the  pile  descends  much  more  freely,  and  far  less  driving  is 
required.  The  system  is  most  efficient  in  pure  sand ;  and  the  driving 
of  piles  and  panels  of  sheeting  in  this  material  at  the  Calais  Harbour 
Works,  was  effected  by  the  water-jet  in  about  one-eighth  the  time 
occupied  by  the  ordinary  method.^    The  water-jet  is  also  advantageous 

*  Deutsche  Bauzeitung^  1875,  p.  433. 

-  Annaks  dts  Fonts  ft  Chaussi^tSy  1878  (l),  p.  74. 
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in  mud  and  soft  clay ;  but  where  gravel  predominates,  or  in  hard  clay 
or  peat,  or  where  driftwood  or  other  large  obstacles  are  encountered, 
the  jet  is  of  little  value.*  As  the  force  of  the  blows  for  making  the 
piles  penetrate  the  soil,  can  be  greatly  reduced  by  the  diminution  in 
compactness  and  adherence  produced  by  the  water- jet,  it  is  possible 
to  drive  timber  by  its  aid,  which  would  be  too  fragile  to  be  used  under 
ordinar}'  conditions. 

Bearing  Piles.— Piles  driven  into  a  sandy  or  silty  stratum  for 
su]5porting  the  piers  of  bridges,  dock  walls,  or  other  structures,  bear 
the  weight  imposed  upon  them,  either  by  reaching  firm  ground  below 
the  soft  stratum  on  which  they  rest,  or  by  the  mere  adherence  or 
compression  of  the  sand  or  silt  encompassing  them,  varying  with  the 
compactness  of  the  material  pressing  against  their  sides  and  the  depth 
to  which  they  are  driven.  Bearing  piles,  however,  should,  if  practicable, 
be  driven  down  to  a  solid  stratum,  as  their  supporting  power  is 
thereby  much  increased,  having  been  found  in  some  instances  to 
amount  to  five  times  that  due  to  adherence  alone.  Nevertheless, 
where  the  sand  or  silt  extends  to  a  considerable  depth,  a  long  pile 
derives  a  fair  supporting  power  from  the  enveloping  material  when 
time  is  allowed  for  it  to  consolidate  round  the  pile  after  driving. 
Thus  before  building  the  New  York  quays  along  a  portion  of  the 
North  River,  where  the  depth  of  mud  exceeded  200  feet,  it  was  found 
that,  though  a  loo-feet  pile  driven  down  its  full  length  into  the  mud  by 
an  i8-cwt.  ram  with  a  fall  of  ten  feet,  went  down  some  inches  at  the 
last  blow,  and  could  be  readily  pulled  up  again  directly  aften^'ards, 
if  left  quiet  for  some  hours  it  could  not  be  pulled  up;  and  after  an 
interval  of  several  days,  it  could  not  be  driven  further  down,  and  could 
support  a  weight  of  22  tons. 

Sheet-Piling. — Piles  are  often  driven  close  together  in  a  row  on 
works,  to  exclude  water  from  excavations,  to  prevent  a  run  of  ^•ater 
under  walls  or  the  sills  of  a  lock,  to  facilitate  the  excavation  of 
foundations,  or  to  retain  slopes  of  earth.  The  main  piles  of  this  sheet- 
piling  are  driven  well  down  a  few  feet  apart;  and  the  intermediate 
sheeting  of  piles,  half-balks,  planks,  or  panels,  are  driven  close  together 
between  them,  forming  a  continuous  sheeting  of  timber,  the  joints 
being  sometimes  caulked,  where  ex])osed,  to  make  the  structure  more 
water-tight. 


Cofferdams. 

For  excluding  water  from  dock  works,  the  piers  of  river  bridges, 
and  other  structures  exposed  to  the  influx  of  water  during  construction, 
timber  cofferdams  arc  often  constructed  with  a  single  or  double  row  of 
sheet-piling.  The  sheet-piling  is  kept  in  position  and  strengthened  by 
horizontal  timber  walings  bolted  to  the  main  piles,  the  number  of  ro\i'S 
of  waUngs  depending  upon  the  height  of  the  cofterdam  above  the 
surface  of  the  ground.     Cofferdams,  moreover,  are  generally  supported 

*  **  The  Water-Jet  as  an  Aid  to  Kngineering  Construction,"  L.  V.  Sdiermerhorn, 
Washington,  1881,  pp.  12  and  15. 
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^^^■fe  borli  against  the  n-ater-pressure  in  Tront,  by  a  mound  of  earthwotlH 
^PHv  hy  raking  timber  struts  at  inlenals,  butting  against  low  piles  behind.  * 
W  Si&gle-sheeted  CofferdamB. — Single-sheeted  cofferdams  are  used 
I  ■fere  [he  available  space  is  small,  and  the  height  rei|uired  for  the  dam 
I  is  modente ;  but  considerable  care  has  lo  be  taken  in  driving  the  piles 
f  iv panels,  as  ibe  sheeting  in  this  case  constitutes  the  watertight  barrier 
itiich  has  to  keep  out  the  water.  The  piles  must  be  accurately  sawn  at 
(heir  side  faces,  to  ensure  close  contact  between  parallel  surfaces,  and 

rlriTcn  in  groups,  if  the  stratum  is  soft  enough,  between  two  roire  of 

nalings  on  each  side  ;  and  leakage  tan  be  reduced  by  caulking  the 

JOTMs,    or   under    specially    favourable    conditions,    by    grooving   and 

longuing  the  piles,'  and  depositing  a  narrow  hand  of  clay  along  the 

outer  face  of  the  dam,  where,  on  being  exposed  to  the  water- pressure, 

the  piles  are  liable  to  retreat  a  little  from  the  foreshore  in  front.' 

Oofferclam  with  Puddle  Wall.  -The   more   ordinary  form  ( 

cofferdam,  for  large  works   and  a 

considciable  water-pressure,  consists 

of  two  rows  of  whole  piles  driven 

parallel  to  each  other,  about  four  or 

fire    feel    apati,    into   a    watertight      ^^ 

^ttnttun,   the    interval    between    the 

two  lines  of  sheeting  being  filled  in 

with  puddled  clay  brought  up   in 

thin  layers  from  a  little  below  the 

surClce    of  the   watertight  stratum, 

Ki  Bs  to  form  a  watertight  wall  of 

chy  enclosed  within   the  sheeting. 

raised  above  the  highest  water-level. 

Walings  on  each  side  of  the  dam, 

conneded    hori^ontally    by     bolls 

Ibrough  eaeh  pair  of  main  piles  in 

Ibc  two  rows,  brace  K^elher  the  two 

rows  of  sheeting,  and  prevent  their 

spreading  out  towards  the  top  under 

the  pressure  of  the  clay  filling  (Fig. 

i8).     It  has  sometimes  been  found 

convtfflicnt  to  give  a  segmental  form 

to  tbe  coBerdaro  ;  and  the  Zuider  Zee 

locks  of  the  Amsterdam  Ship-Canal 

were  built  within  a  circular  cofier- 

dain,    535    feet    in    diameter.      In 

soch    cases,   laminated  wabngs    of  f„^g 

three  or  four  layers  of  planks,  bent 

to  the  cur^e,  are  employed,  instead 

of  the  lialf-biUk.s  or  whole  timbers  used  for  straight  cofferdam 
Wroogbt-iron  CaisBons. — Sometimes  the 
e  or  more  wrought-iron  caissons, 
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cofferdam.  Thus  a  portion  of  the  Thames  Embankment  was  built 
within  the  shelter  of  rows  of  elliptical  plate-iron  caissons,  with  the  view 
of  reducing  the  cost  of  construction  by  using  the  caissons  two  or  three 
times  over  in  different  parts  of  the  work.^  The  foundations  of  four  of 
the  circular  piers  upon  which  the  cantilevers  of  the  Forth  Bridge  rest, 
were  each  formed  on  the  rock  within  a  plate-iron  enclosure,  fitted  at 
the  bottom  to  the  sloping  rock,*  where  it  would  have  been  impossible 
to  erect  an  ordinary  pilework  cofferdam.  The  two  large  river  piers, 
also,  of  the  Tower  Bridge  were  each  foimded  within  a  group  of  twelve 
plate-iron  caissons,  strutted  across  with  timber,  which  presented  much 
less  obstruction  to  the  water\^*ay  of  the  Thames  than  an  ordinary  pile- 
work  and  puddle  cofferdam,  round  the  site  of  each  pier,  would  have 
done ;  ^  and,  moreover,  the  caissons  could  be  taken  to  pieces,  on  the 
completion  of  the  foundations  of  the  pier,  in  a  much  shorter  time  than 
the  removal  of  ordinary  cofferdams  would  have  occupied. 

Earthwork  Dams. — Often  in  dock  works,  when  the  site  of  the 
works  has  to  be  reclaimed  from  the  foreshore  of  an  estuary,  and  there 
is  abundance  of  materials  from  the  excavations,  an  embankment  is 
formed  round  the  site  for  shutting  out  the  river,  which  provides  at  the 
same  time  a  convenient  place  for  the  deposit  of  the  earthwork,  and  is 
serviceable  in  the  formation  of  quays.  These  embankments  generally, 
unlike  ordinary  cofferdams,  form  part  of  the  permanent  work ;  but  the 
earthen  dam  formed  across  St.  Mary's  creek  in  front  of  the  Chatham 
Dockyard  extension  works,  was  resorted  to  in  preference  to  a  timber 
cofferdam  for  the  sake  of  economy.* 

Closure  of  Dams. — One  of  the  chief  difficulties  in  the  construction 
of  dams  is  the  final  closing  of  them  when  the  range  of  tide  is  consider- 
able, as  the  tidal  influx  and  efflux  produce  a  strong  scour  in  proportion 
as  the  central  gap  is  reduced  in  width,  when  the  area  from  which  the  tide 
has  to  be  excluded  is  large.  With  timber  cofferdams,  openings  are 
provided  through  the  dam  at  suitable  places  for  the  influx  and  eSLux  of 
the  tide,  till,  on  the  completion  of  the  dam,  these  openings  are  closed  by 
lowering  large  timber  panels  across  them. 

The  closing  of  earthen  dams  has  to  be  effected  by  raising  the  bank 
gradually  over  a  long  length,  so  as  to  reduce  the  tidal  scour  by  the 
large  width  given  to  the  aperture.  Then,  instead  of  attempting  to  let 
out  the  water  from  the  enclosure  at  low  water  of  spring  tides  before 
closing  the  bank,  it  is  safer  to  effect  the  raising  of  the  bank  above  high 
tide  as  rapidly  as  practicable  during  the  lowest  neap  tides,  and  to 
complete  the  bank  to  its  full  height  before  the  following  spring  tides. 
By  leaving  water  in  the  enclosed  area,  the  pressure  on  the  bank  is 
diminished  till  it  can  be  thoroughly  consolidated,  and  the  scour  through 
the  ai)erture  is  also  reduced ;  whilst  by  selecting  neap  tides  for  closing 
the  bank,  the  amount  of  material  needed  to  raise  it  above  high  water 
in  advance  of  the  tide  is  a  minimum,  and  the  bank  can  be  raised  higher 
just  beforehand  without  being  exposed  to  undue  scour. 

*  Proceedings  InsL  CE.^  vol.  liv.  p.  12,  and  plate  2. 

»  /hU.y  vol.  cxxi.  p.  310;  ami  **  The  Forth  Bridge,"  W.  Westhofen,  p.  18. 

••  IbU,^  vol.  cxiii.  p.  1 19,  and  plate  4.      *  Jlnd.,  vol.  xxxi.  p.  26,  and  plate  2,  fig.  i. 


CHAPTER  V. 
FOUNDATIONS,   AND   PIERS   OF   BRIDGES. 

Importance  of  foundations — ^Foundations :  classification — Ordinary  founda- 
tions, broadened  base,  bearing  piles — Foundations  in  water-bearing 
strata,  various  methods  of  dealing  with  water  or  running  sand — Con- 
gelation process  through  running  sand — Injection  of  cement  grout  into 
quicksand — Well-foimdations — Sinking  wells,  methods  employed  for 
bridge  piers  and  dock  walls — Advantages  and  difficulties  of  well- 
foundations — Fotmdations  in  water,  various  systems  employed — Screw- 
pile  foundations — Iron  piles  with  disc  at  base — Iron  cylinders  for  piers 
of  bridges,  instances — Wrought-iron  caissons,  instances  of  their  employ- 
ment for  deep  foundations  of  bridge  piers — Compressed-air  foundations, 
advantages,  chief  points  of  system,  precautions  necessary ;  for  Antwerp 
quays  in  river  Scheldt ;  for  bridge  piers ;  for  Eiffel  Tower ;  partial 
employment  of  system ;  adoption  of  removable  caissons — Piers  of 
Bridges :  superstructure — Influence  of  pier  foundations  on  design  of 
bridges,  instances  in  illustration — Provision  for  navigable  channel, 
allowance  required  for  possible  future  improvement  in  channel — Loads 
on  foundations  of  bridge  piers,  instances. 

Foundations  involve  some  of  the  most  important  and  difficult  problems 

with  which  the  civil  engineer  has  to  deal,  and  require  wide  practical 

experience,   in   most  cases,   for   their  successful    carrying   out.     The 

nature,  indeed,  of  the  strata  to  be  built  upon  may  be  indicated  to 

some  extent  by  the  geology  of  the  district ;  but  it  should  be  ascertained 

more  precisely  by  borings  or  trial  pits.     When  the  nature  and  condition 

of  the  strata  have  been  adequately  determined,  experience,  observation, 

and  sometimes  experiments  are  needed  to  choose  the  kind  of  foundation, 

and  the  method  of  executing  it,  best  suited  to  the  special  conditions  of 

each   case.      The  piers  of  bridges,  moreover,  are  so  dependent,  as 

regards  their  design  and  distance  apart,  upon  the  nature  of  the  strata 

upon  which  they  have  to  rest,  and  in  the  case  of  bridges  across  rivers 

upon  the  condition  of  the  channel  and  bed,  that  they  necessarily  have 

to  be  considered  in  conjunction  with  foundations. 

Foundations. 

Foundarions  may  be  of  three  descriptions,  namely,  ordinary 
foundations  on  land;  foundations  below  the  natural  water-level,  from 
which  the  water  is  excluded  during  construction  ;  and  foundations  laid 
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actually  under  water,  or  from  which  the  surrounding  water  has  to  be 
kept  away  by  special  contrivances  during  their  progress.  The  founda- 
tions of  many  structures  belong  to  the  first  category,  but  are  h'able  to 
merge  into  the  second  when  the  excavations  have  to  be  carried  some 
depth  below  the  surface  to  reach  a  sufficiently  solid  stratum,  or  wiien 
the  site  is  close  to  a  river  or  the  sea ;  whilst  the  chief  difficulties  are 
generally  encountered  in  the  last  class  of  foundations,  which  present  the 
greatest  variety  of  conditions.  The  stability  of  foundations  depends 
upon  the  compactness  or  tenacity  of  the  strata  in  relation  to  the  load 
imposed  by  the  structures  erected  upon  them;  whilst  in  the  case  of 
retaining  or  dock  walls  founded  upon  clay  or  slippery  laminated  strata, 
it  is  essential  to  take  precautions  against  their  slipping  forward,  by 
bestowing  great  care  on  the  filling-in  at  the  back,  and  by  carrying  down 
the  foundations  some  feet  below  the  surface  in  front,  so  as  to  provide  a 
solid  face  for  the  lower  part  of  the  wall  to  butt  against,  and  thus  enable 
the  wall  to  resist  the  pressure  from  behind. 

Ordinary  FoundationB. — Ground  sufficiently  solid  to  support 
structures  of  moderate  height  is  often  found  three  or  four  feet  below 
the  surface  of  the  soil,  if  free  from  the  influence  of  water;  and  tiie 
building  is  invariably  broadened  out  at  the  bottom  by  footings,  assisted 
often  by  a  batter  on  the  face  increasing  the  width  of  the  work  in  pro- 
portion to  the  increase  in  the  load  to  be  borne  at  the  lower  part,  and 
sometimes  by  stepping  out  the  work  at  the  back,  as  in  the  case  of 
retaining  and  dock  walls,  thereby  spreading  the  weight  over  a  wider 
base.  A\Tiere  somewhat  unfavourable  ground  is  encountered,  the  bear- 
ing surface  Is  readily  extended  by  a  wide  layer  of  concrete  at  the 
bottom. 

When  the  soil  is  soft  and  yielding,  as  in  alluvial  formations,  bearing 
])iles  have  often  to  be  resorted  to  for  high  and  heavy  structures,  con- 
stituting the  ordinary  system  for  the  foundations  of  buildings  in 
Holland ;  or  when  for  any  reason  the  driving  of  piles  is  inexpedient, 
the  load  can  be  distributed  over  a  large-enough  area  by  an  extensive 
layer  of  concrete,  to  enable  the  soil  to  bear  the  weight.  Bearing  piles 
are  generally  connected  together  at  their  heads  by  a  series  of  walings, 
upon  which  planking  is  sometimes  laid ;  or  the  heads  of  the  piles  may 
be  encased  in  a  layer  of  concrete  spread  over  the  surface,  a  system 
which,  besides  effectually  bonding  the  piles  together,  provides  a  firm,  level 
base  for  the  erection  of  the  structure. 

Foundations  in  Water-bearing  Strata. — Frequently,  even  on 
land,  considerable  quantities  of  water  are  met  with  in  laying  founda- 
tions, owing  to  the  excavations  being  carried  below  the  line  of  saturation 
of  the  underground  water,  or  the  opening  out  of  springs,  or  occasionally 
from  percolation  from  rivers  or  the  sea.  Similar  difficulties  are  commonly 
encountered,  on  an  extensive  scale,  in  the  construction  of  docks,  the 
formation  of  tunnels,  and  the  laying  of  sewers,  where  most  of  the  work 
has  to  be  carried  out  at  some  depth  below  the  surface.  The  amount 
of  water  to  be  dealt  with  varies  greatly  in  different  works,  depending 
upon  their  position,  the  nature  of  the  strata  traversed,  the  volume  of 
flow  of  the  underground   streams,  and   sometimes  on  the  accidental 
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tapping  of  a  large  fissure  or  spring.  The  water  is  ordinarily  removed, 
(luring  the  construction  of  the  foundations  or  other  works  exposed  to  it, 
by  leading  it  in  trenches  or  pipes  away  to  a  pump,  by  which  it  is  raised 
and  discharged  into  a  suitable  channel.  When  the  water  boils  up 
under  pressure  at  a  particular  spot,  it  can  be  controlled  by  being  led 
into,  and  allowed  to  rise  in  a  vertical  pipe  or  enclosure,  till  the  height 
of  the  column  of  water  in  the  pipe  counterbalances  the  pressure ;  and 
as  soon  as  the  adjacent  foundation  is  completed,  the  pipe  can  be  closed 
iiy  cement  grout,  and  the  influx  thus  permanently  stopped. 

The  danger  of  boils,  or  any  other  rapid  influx  of  water  into 
foundations  which  are  kept  dry  by  pumping,  consists  in  the  removal 
of  the  sand  or  silt,  often  brought  along  in  suspension  by  the  current  of 
water  from  adjacent  strata,  producing  underground  hollows  liable  to 
cause  settlement  above  them,  which,  if  occurring  under  the  works 
themselves,  under  cofferdams  or  embankments  excluding  the  water, 
or  under  neighbouring  buildings,  may  entail  very  serious  damage. 
Accordingly,  it  is  essential  for  the  safety  of  foundations,  or  other  works 
executed  in  water-bearing  strata,  that  any  continued  influx  of  sand  or 
silt  \*ith  the  water  should  be  stopped.  In  carrying  the  London  main 
drainage  works  through  fine  sand,  a  well  was  sunk  below  the  foundations, 
beyond  the  line  of  the  sewer,  without  resorting  to  pumping;  and  a 
layer  of  gravel,  some  feet  in  thickness,  was  then  deposited  at  the  bottom 
of  the  well,  which  enabled  the  water  to  be  pumped  up  the  well,  through 
the  gravel,  from  the  neighbouring  foundations,  without  disturbing  the 
sand.1  Another  plan  of  dealing  with  sand  charged  with  water,  is  to 
surround  the  site  of  the  foundation  by  sheet-piling  driven  down  to  a 
firmer  stratum,  after  which  the  water  can  be  pumped  out  of  the 
enclosure,  and  the  sand  removed  to  any  requisite  depth,  or  a  light 
structure  founded  on  the  enclosed,  consolidated  sand. 

Congelation  Process  through  Running  Sand. — Congelation 
of  the  soil  by  freezing  liquids  has  been  successfully  employed  in 
nmning  quicksand,  for  sinking  shafts,  or  for  carrying  excavations  for 
foundations  down  to  a  firmer  stratum.  The  freezing  is  effected  by 
sinking  a  series  of  pipes  vertically  into  the  quicksand  round  the  site 
^0  be  excavated,  into  which  a  cold,  unfreezable  liquid  is  introduced  and 
kept  in  circulation ;  and  in  a  recent  modification,  liquid  ammonia  alone 
has  been  used,  which  in  evaporating  produces  an  intense  cold,  owing 
to  the  latent  heat  absorbed  by  it  in  becoming  gaseous.''^  By  thus 
congealing  the  ground,  pumping  and  the  resulting  influx  of  sand  and 
•'^ttiement  of  the  adjacent  land  are  avoided.  Moreover,  the  excavations 
^n  be  carried  down  through  the  hardened  soil,  where  otherwise  strong 
timbering  of  the  sides  or  very  flat  slopes  would  be  necessary.  This 
i^ysiem  is  very  efficient;  but  its  large  cost  restricts  its  application  to 
those  cases  whose  conditions  are  so  unfavourable  as  to  render  other 
methods  almost  inapplicable. 

Iiijection  of  Cement  Grout  into  Quicksand. — By  driving 
down  a  series  of  pii)es  into  quicksand  to  the  depth  required  for  the 

^  Proceedings  Inst,  C.£.,  vol.  xli.  p.  118. 

-   TAe  Colliery  Guardian^  December  i,  1893,  p.  960. 
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foundations  on  each  side  of  a  proposed  work,  and  forcing  water  down 
the  pipes  on  one  side,  which,  following  the  line  of  least  resistance,  rises 
in  the  pipes  on  the  opposite  side,  cavities  are  formed  in  the  sand  by  the 
current  between  the  pipes.  These  cavities  are  then  filled  by  injectii^ 
cement  grout  into  them  down  one  set  of  pipes,  after  closing  the  outie 
pipes ;  and  thus  a  fairly  solid  floor  is  formed  in  the  sand,  which  can  b< 
increased  in  thickness  above  or  below,  by  raising  or  lowering  the  pipe 
slightly,  and  repeating  the  process.^  Side  walls  also  can  be  similarl; 
formed  by  successively  raising  partially  alternate  pipes  in  each  roi 
and  following  a  similar  process,  thus  eventually  forming  a  solid  trend 
from  which  the  quicksand  can  be  removed,  and  a  sewer  laid  in  il 
without  encountering  undue  infiltration. 

Well-Foundations. — Circular,  brick  wells,  resting  upon  a  woode 
curb  at  the  bottom  tapered  down  to  a  cutting  edge,  and  graduall 
built  up  at  the  top,  as  the  sinking  proceeds  by  the  excavation  of  th' 
ground  below  the  curb  through  the  central  hollow,  have  been  employ© 
for  centuries  by  the  natives  of  India  for  forming  foundations  in  sand; 
or  silty  soil.  This  well  system  has  been  used  at  sites  from  which  th< 
water  has  been  excluded,  of  which  the  dock  walls  at  Glasgow  foundec 
upon  concrete  wells  furnish  a  recent  instance,  as  well  as  for  foundation! 
in  the  water  for  bridge  piers,  weirs,  and  quay  walls.  In  India,  the  well 
are  commonly  built  up  brick  by  brick,  thereby  dispensing  with  plant  t( 
a  great  extent;  but  elsewhere  they  are  generally  raised  by  successiv( 
rings  of  brickwork  or  concrete ;  and  iron  or  steel  curbs  have  been  usee 
in  place  of  wood  in  several  large  cylinders,  to  afford  greater  strength  t( 
the  cutting  edge. 

Sinking  Wells  for  Foundations. — The  ground  is  generall; 
removed  from  below  the  wells  by  some  machine  which  can  be  woritec 
from  the  top,  and  excavate  under  water.  Sand  is  sometimes  raised  b] 
a  sand-pump,  and  grabs  are  also  employed  for  removing  sand  or  othe 
loose  materials;  but  special  machines  are  needed  for  dealing  witl 
compact,  adhesive  strata,  such  as  indurated  silt  or  clay.  Bull's  heavy 
grab  bucket  fitted  with  powerful  lever  arms,  and  other  heavily-weigbt© 
grabs  furnished  with  claws,  have  proved  efficient  in  fairly  stiff  soil 
whilst  Gatmell's  double  "jham"  grab,  lowered  with  two  strong  load© 
blades  with  their  points  downwards,  capable  of  being  raised  to 
horizontal  position  by  projecting  arms  worked  by  chains,  proved  abl 
to  excavate  stiff  clay  from  the  bottom  of  the  wells  of  the  piers  of  th 
Empress  Bridge  across  the  Sutlej,  at  a  depth  of  over  loo  feet  (Fig.  19) 
Occasionally  divers  are  sent  down  to  excavate  the  ground,  remo\ 
obstacles  encountered  by  the  cutting  edge,  or  to  recover  lost  grabi 
but  diving  work  at  a  considerable  depth  in  a  river-bed,  within  tl: 
confined  space  of  a  well,  has  been  found  very  dangerous  to  heall 
in  some  cases.^  The  wells  are  weighted  on  the  top  to  aid  the 
descent;  and  the  depth  to  which  the  excavations  have  to  be  carric 
below  the  curb  to  make  the  wells  sink,  depends  on  the  nature  of  tl 
material     In  the  wells  of  the  Empress  Bridge,  a  depth  of  two  fe 

*  Engineering  Ncivs,  New  York,  vol.  xxvii.  p.  420. 
'  Proceedings  Inst,  CE.^  vol.  Ixv.  p.  248,  and  plate  3.  '  IHd,^  p.  251. 
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iced  in  sand,  whilst  twelve  to  fifteen  feet  were  needed  in  clay,  the 
ul  sinking  being  started  by  lowering  the  water  as  rapidly  as 
cticable  in^de  the  well,  thereby  increasing  the  weight  on  the  curb, 
causing  a  scour  of  material  from  under  the  curb  into  the  well,  by 
inrush  of  water,  which  also,  mainly  passing  down  from  the  river  above 
ig  the  outside  of  the  well,  facilitates  its  descent  by  reducing  the  skin- 
ion. 

Tbe  quay  walls  of  some  docks  have  been  founded,  in  marshy  or 
rial  ground,  on  la^e,  square,  nibble-masoDry  wells  sunk  down,  by 
ivadng  inside,  to  a  solid  stratum.  This  system,  for  instance,  has 
D  resorted  to  in  constructing  the  Bellot  Docks  at  Havre,  on  the  silty 
diore  of  the  Seine  estuary ;  for  founding  a  portion  of  the  walls  of 
Bordeaux  Dock  in  the  alluvial  ground  adjoining  the  Garonne,  and 
he  Penhouet  Dock  at  St.  Nazatre,'  alongside  the  outlet  of  the  Loire 
U17  (Fig.  3o);  and  for  carrying  down  the  foundations  of  the  walls 


the  Third  Dock  at  Rochefort,  through  fifty  to  ninety  feet  of  soft 
vium,  in  marshy  ground  bordering  the  Charente.  On  completing 
sinking,  these  wells  are  filled  up  with  masonry  or  concrete ;  and  the 
»  left  between  adjacent  blocks  having  been  arched  over,  a 
inuous  quay  wall  is  erected  along  the  top. 


"  Foits  Maritime:!  de  la  France," 


FOl.  1 


p.  169. 
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Advantages  and  DifficultieB  of  Well-FoundationB.— We 
foundations  possess  the  advantage  of  enabling  a  solid  foundation 
be  reached,  underlying  a  considerable  thickness  of  mud,  silt,  or  san 
without  the  necessity  of  enclosing  the  site  by  a  cofferdam  or  caisa 
and  pumping  it  dry;  and  they  reduce  the  amount  of  exca\ati( 
required  to  a  minimum.  They  are,  moreover,  equally  applicable 
alluvial  soil  on  land,  in  the  silty  foreshore  of  a  river  or  estuary,  or 
the  soft  bed  in  the  middle  of  a  large  river.  The  chief  difficulti 
connected  with  them  are,  the  occasional  rapid  influx  of  silt  in  passi 
through  very  soft  ground  fully  charged  with  water,  as  happened 
sinking  the  wells  of  the  Rochefort  dock ;  the  hindrance  presented 
the  sinking  by  embedded  trunks  of  trees  or  boulders ;  and  the  liabili 
of  the  well  to  sink  irregularly,  and  thus  to  be  forced  out  of  the  vertic 
owing  to  variations  in  the  resistance  of  the  underlying  strata,  ai 
especially  in  coming  down  on  to  a  bed  of  sloping  rock,  a  condition  t 
weDs  of  the  St.  Nazaire  dock  walls  were  exposed  to,  necessitating  ve 
special  precautions  in  completing  the  sinking  (Fig.  20).  The  inrush 
sand,  silt,  and  water,  which  is  liable  to  occur  in  sinking  a  well  throu, 
soft,  water-bearing  strata,  occasionally  filling  the  well  and  overflowing 
the  top,  can  only  be  prevented  by  keeping  an  excess  of  water  in  the  wc 
which  compresses  the  ground  at  the  bottom,  and  thereby  consideral 
augments  the  difficulty  of  excavation,  or  by  roofing  over  the  lower  pi 
of  the  well,  and  excavating  and  sinking  with  the  help  of  compress 
air,  as  found  necessary  in  places  for  the  dock  walls  at  Rochefort  (F 
32,  p.  77).  Large  wells  are  less  liable  to  diverge  from  the  vertical  th 
small  wells  of  the  same  height.  Any  divergence  has  to  be  rectified 
excavating  on  one  side  of  the  well  at  the  bottom,  by  weighting  the  grou 
with  stone  on  one  side,  or  putting  in  shores  to  push  the  well  back  to  t 
vertical,  or  by  pulling  the  well  over  at  the  top  by  chains ;  for  besic 
tlie  change  from  the  requisite  position  when  the  well  leaves  the  vertic 
tlie  resistance  to  sinking  is  largely  augmented.  When  a  well  read 
a  sloping  face  of  rock  on  one  side,  it  has  to  be  temporarily  support 
on  tlu'  opj)Osite  side  by  timber  piles  or  other  form  of  props,  till  t 
rock  can  be  cut  away  to  a  level  bed  to  receive  the  well,  or  stepp 
down,  and  the  well  completed  down  to  the  lower  part  of  the  rock 
building  up  underneath,  termed  underpinning,  as  effected  in  some  pa 
of  the  St.  Nazaire  dock  walls  (Fig.  20). 

Foundations  in  Water. — In  many  cases,  it  is  possible  to  cai 
out  foundations  on  sites  covered  with  water  by  encircling  the  site  w; 
a  cofferdam,  caisson,  or  other  watertight  barrier,  and  pumping  out  t 
water ;  and  then  proceeding  with  the  excavations,  and  the  construct! 
of  the  foundations  of  a  bridge  pier,  quay  wall,  or  other  stnicti 
surrounded  by  water,  in  the  ordinary  manner.  WTien,  however,  t 
depth  of  water  is  considerable,  and  especially  when  a  very  thick  la) 
of  sand  or  silt  has  to  be  traversed  before  reaching  a  firm,  water-tif 
stratum,  other  systems  have  to  be  resorted  to  for  carrying  out  t 
foundations,  depending  upon  the  conditions  of  the  site,  the  load  to 
borne,  and  the  nature  and  extent  of  the  work. 

In  the  case  of  breakwaters,  the  foundations  are  often  spread  0^ 
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a  wide  base,  and  nused  to  a  suitable  height,  by  depositing  a  mound 
of  nibble  stone  or  concrete  blocks  in  the  water  along  the  line  of  the 
work,  upon  which  the  superstructure  is  erected.  If  the  mound  is  not 
Bijed  to  low-water  level,  concrete  blocks  are  laid  in  rows  or  courses  on 
flie  mound,  and  raised  to  low  water,  upon  which  the  solid  structure  is 
liuilt.  If  the  bottom  is  a  firm  foimation,  such  as  rock,  chalk,  stiff  clay,  or 
booldeis  and  shingle,  the  breakwater  or  quay  wall  is  built  up  to  low  water, 
by  concrete  blocks  on  the  bottom  previously  levelled  by  helmet  divers 
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n  men  in  a  diving-bell,  or  by  concrete-in-mass  within  framing,  lowered 
in  dosed  skips  with  movable  bottom,  or  concrete  in  bags.  Embank- 
aenti  have  been  formed  in  the  water  on  very  soft  silt,  by  first  depositing 
one  or  two  layers  of  fascine  mattresses,  which,  owing 
to  flteir  lightness,  flexibility,  and  continuity,  hear  up 
He  weight  of  the  embankment  in  the  soft  ground, 
■khtxilya  moderate  amount  of  settlement  (Fig  zi) 

Beating  piles  have  been  largely  used  for  sup>- 
poniDg  the  piers  of  river  bridges  on  soft  soil  and 
■In  for  the  foundations  of  river  quays,  the  pilework 
Wng  consolidated  in  very  soft  ground  by  the  de 
pom  of  rubble  stone  round  the  piles  Where 
tinber  is  abundant.  It  has  also  been  emplo>ed  in 
tlie  fiwm  of  cribwork  for  breakwaters  and  nver  piers 
In  the  lake  harbours  of  North  America  the  cnb 
*oA  is  floated  out  Co  its  site,  and  sunk  by  being 
loaded  with  rubble  stone ;  whilst  the  pockets  of  the 
oibwork  for  the  foundations  of  the  piers  of  the 
PoD^eepsie  Bridge,  across  the  Hudson  River  were 
filed  with  concrete.  Well-foundations  have  been 
wd  for  quay  walls  alongside  a  river,  as  for  in 
■ince,  at  the  Plantation  Quay  on  the  Cl)de  at 
Glasgow  (Fig,  aa) ' ;  and  also  for  the  piers  of  large 
bridges  in  mid-river,  a  good  example  of  which  lii 
iniented  by  the  wells  on  which  the  piers  of  the 
Empress  Bridge  were  founded  (Fig,  23).^ 

Apian  has  been  devised,  and  tried  in  German) 
for  cmisolidating  layers  of  sand  and  grave!  under 
*iter,  by  injecting  cement  in  fine  powder    through  small  holes  in  the 

'  Pr»tttdings  Inst.  C.E.,  vol.  x\j.v.  p.  188,  and  plate  7,  fif;.  1. 
'  Md.,  vol.  Ixv,  plate  3,  fig.  I. 


68        SCREW-PILE  AND  DISC- PILE  FOUNDATIONS. 


SCREW-PILE. 
Fig.  24. 

»CALB  •    n. 


►-S — \ 


nozzle  of  a  pipe,  by  a  current  of  compressed  air,  which  stirs  up  the 
stratum  of  sand  charged  with  water ;  and  the  mixture  eventually  settles 
down  into  a  fairly  compact  mass.^ 

Screw-pile   FoundationB. — Where  a   bridge    or  viaduct  with 

moderate  spans,  has  to  be  carried  across  a  river 
or  estuary  with  an  alluvial  bed  of  considerable 
depth,  iron  screw-piles  have  been  adopted  with 
advantage.  These  piles,  being  formed  in  pieces 
joined  together,  can  be  given  any  length;  they 
present  much  less  obstruction  to  the  current, 
in  proportion  to  their  strength,  than  timber  piles; 
when  braced  together  in  clusters  of  three,  they 
form  a  rigid  pier ;  they  cause  very  little  disturb- 
ance of  the  ground  in  being  screwed  down  by 
being  turned  round  at  the  top  by  long  bars ;  and 
the  projection  of  the  screw  increases  considerably 
the  bearing  surface  of  the  pile  on  the  soft 
foundation  (Fig.  24).  This  form  of  foundation 
and  bridge  pier  combined,  has  been  mainly  used 
in  England,  India,  and  the  United  States;  and 
the  same  system  has  been  employed  in  erecting 
lighthouses  on  sandbanks,  of  which  the  Maplin 
Sands  lighthouse  in  the  Thames  estuary,  and  the 
Walde  lighthouse  on  a  sandbank  off  Calais  harbour  are  instances. 

Hollow  Iron  Piles  with  a  Disc  at  the  Bottom. — Cast-iron 
cylindrical  piles  with  a  disc  at  the  base,  resemble  screw-piles  in 
principle,  for  the  disc  provides  the  additional  bearing  sudace  in 
this  case,  which  in  the  former  was  furnished  by  the  screw  (Fig.  25). 
These  piles  are  sunk  in  sand  or  silt  by  a  stream  of  water  under  pressure, 
from  a  pipe  lowered  down  inside  the  pile,  scouring  away  the  grouiKl 
from  under  the  disc.  The  piles  are  very  readily  sunk  through  pure 
sand  by  this  process ;  but  when  the  presence  of  silt  renders  the  ground 
more  compact,  and  the  sinking  consequently  slow,  it  was  found,  in 
constructing  the  Leven  and  Kent  viaducts  across  Morecambe  Bay, 
where  these  piles  were  first  used,"  that  by  providing  the  bottom  of  the 
disc  with  sharp  radial  ribs,  and  slightly  turning  the  pile,  the  ribs,  by 
stirring  up  the  soil,  brought  it  more  under  the  influence  of  scour,  and 
hastened  the  sinking.  On  completing  the  sinking  by  the  water-jet,  a 
few  blows  on  the  pile  from  a  heavy  ram  with  a  small  fall,  serves  to  bring 
the  disc  on  to  a  solid  bearing,  rendering  the  sand  compact  underneath 
it,  which  had  been  disturbed  by  the  jet. 

Iron  Cylinders  for  Foundations. — A  ])lan  which  has  often  been 
resorted  to  for  founding  the  piers  of  bridges  in  the  middle  of  a  river, 
consists  in  lowering  an  iron  cylinder,  fonned  of  a  series  of  superposed 
rings  made  of  segments  joined  together,  on  to  the  bed  of  the  river, 
previously  levelled  by  dredging,  and  gradually  sinking  it  to  a  suitable 


'   Transactions  of  the  American  Society  of  Civil  Engineers^  vol.  xxix.  p.  639. 
*  Proceedings  Inst,  C.E,,  vol.  xWL  p.  443,  and  plate  10. 
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WUum  by  weighting  it  on  the  top  and  excavating  inside ;  *.  and  the  pier 
it  then  formed  inside  the  qrlinder,  b]r  filling  the  enclosed  space  with 
concrete  and  brickwoik  (Figs.  26  and  37,  p.  70).  The  cylinder  in  this 
^item  of  foundations,  resembles  a  cylindrical  well  in  the  way  it  is  sunk, 
■nd  I  caisson  in  providing  a  water-tight  skin,  within  the  shelter  of  which 
the  pier  is  constructed.  It  differs,  however,  from  a  well-foundation  in 
fonmng  only  the  outer  lining  of  the  pier,  instead  of  an  integral  part  of 
the  structure  ;  and  it  differs  from  an  ordinary  open  caisson,  in  remaining 
n  pbce  after  the  completion  of  the  pier  inside.    The  bottom  ring  of 
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"lese  cylinders,  with  a  cutting  edge  at  the  base,  is  made  thicker,  and 
gtnetaliy  less  high  than  the  rest,  owing  to  the  special  strain  to  which  it 
is  exposed.  The  Charing  Cross  and  Cannon  Street  railway  bridges, 
Woss  the  Thames  at  London,  are  examples  of  bridges  with  piers  built 
■iltun  cast-iron  cylinders  lowered  from  staging  and  sunk  by  the  aid  of 
dims,  and  subsequently  by  dredging  with  a  bag  and  spoon,  through  the 
onface  layers  of  mud  and  gravel,  into  the  watertight  stratum  of  London 
da;,  enabling  the  latter  portion  of  the  excavation  through  the  clay,  and 

>.  513,  and  plate  17  :  and  vol.  xxvii.  p.  4131 
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the  depositing  of  concrete  in  the  cylinders  up  to  the  groundr-level,  and 
the  building  with  briclcwork  from  thence  to  the  top,  to  be  carried  out  in 
the  same  manner  as  on  land.  In  both  these  bridges,  the  cylinders  wtst 
reduced  above  the  surface  of  the  ground,  by  a  conical  ring,  from  14  feel 
to  10  feet  in  diameter  in  the  Charing  Cross  Bridge  (Fig.  27),  and  from 
iS  feet  to  13  feet  in  diameter  in  the  other.  By  this  arrangement,  the 
cylinders,  which  rest  upon  a  wide-enough  base  at  the  bottom  to  avoid 
imposing  an  undue  load  on  the  clay  foundation,  present  a  smaller 
obstruction  to  the  waterway  by  their  reduced  diameter  above.  The 
concrete,  moreover,  which  provides  a  cheaper  filling  for  the  wide,  lower 
portion  of  the  cylinders  than  brickwork,  can  safely  sustain  the  wei^  of 
the  bridge  on  the  enlarged  area ;  whereas  the  brickwork  which  fills  up 

BRIDOE  PIERS.  CYLINDER. 

Fit   2T.— Ohvlns  CroU  Brldi*  Pter. 


the  narrower  upper  part  of  the  cylinders,  is  capable  of  supporting  the 
greater  load  resulting  from  the  reduction  in  the  section  of  the  pier. 
The  cylinders  in  each  pier  are  connected  at  the  top  by  transverse 
wrought-iron  girders. 

The  piers  of  the  original  Victoria  railway  bridge  across  the  Thames 
at  Pimlico,  were  built  within  the  shelter  of  ordinary  double-sheeted 
cofferdams;  but  the  subsequent  extensions  of  the  piers  for  widenii^ 
the  bridge,  were  founded  up  to  low  water  within  cast-iron  cylinders  sunk 
into  the  London  clay,  which  were  continued  up  to  above  high  water  by 
removable  wrought-iron  cylinders,  to  keep  out  the  water  during  the 
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dnf;,  and  till  tbe  concrete  and  biickvock  foondadocs  -wist  raised  to 
-water  lerd ;  after  vfaidi.  tbeae  crtinden  va«  fcisot^c.  tse  spaces 
the  foondatioDB  between  the  crlindors  woe  aiciiieti  orer,  asc  dte  peer 
dt  in  a  cmtinaoas  block  of  masonry  above.' 

Tbe  ix-feet  ast-iion  cylin- 
is,  with  a  bottom  ling  of 
rought  iron  for  the  ootting 
Ige,  which  fonn  in  pain  the 
nindatioDs  of  the  ei^Ucen 
ten  of  the  iladnts  Raflvajr 
li^e  across  tbe  River  Chitira- 
ati  (Fig.  38),  were  sunk  down 
o  die  rock  throng  a  maxi- 
num  depth  of  78^  feet  of  sand, 
day,  sand  with  stones  and  clay, 
and  boulder-day.*  The  sink- 
ing througb  tbe  thick  top  layer 

of  sand  was  easily  effected,  tbe 

[iadng  of  the  cylinders  in  their 

position  being  much  facilitated 

by  the  bed  of  the  river  being 

<^  for  nine    months  in   (he 

fear,  though  water  is  reached 

]  feet  below  the  bed ;  but  the 

progress    was     slow    in    clay, 

owing  to  tbe  inability  of  the 

ordinary  grabs  to  excavate  it. 

The  boulders,  however,  in  the     f,,t  .  i  a   ■""■'mT'^"'^  -o     --•  "" 

itiaruni    overlying     tbe     rock,  ''-- — '• ' 

necessitated    ihe    employment 

of  divers  for  their  removal,  aided  sometimes  by  dynamite  for  breaking 

^  the  larger  boulders;  and  the  sinking  of  the  cylinders  of  four  of  the 

piers  was  completed  by  means  of  compressed  air. 

Wrought-iron  CaissoUB  for  FotmdationB. — Cylindrical  founda- 
tions are  necessarily  discontinuous  ;  and  the  descent  of  cylinders  vertically 
is  more  difficult  to  accomplish  than  that  of  laige  caissons.  Accordingly, 
rhete  the  foundations  have  to  be  spread  over  a  large  area,  owing  t.-ither 
o  the  nature  of  the  stratum  to  be  built  upon,  or  the  consideniblc  load 
0  be  borne,  as  in  the  case  of  some  bridge  piers,  and  where  this  has  to 
•e  effected  uith  as  litde  obstruction  as  possible  to  the  waterway,  con- 
inuous  wTOugbt-iron  caissons  enclosing  the  whole  site  of  each  pier,  but 
eparated  generally  into  sections  by  partitions,  present  advantages  over 
ylinders;  whilst  these  caissons  are  provided,  like  cylinders,  with  a 
utting  edge  round  the  outside,  and  are  sunk  by  similar  means. 

The  seven  piers  of  the  railway  bridge  across  the  main  channil  of  the 
lawkesbury  estuary  in  New  South  Wales,  were  founded  by  means  of 

'  ProcmdiHgt  Iml.  C.E.,  vol.  ixvii.  p.  71,  and  plate  j. 
'  Hid.,  vol.  dii.  p.  13K,  ami  pUle  7,  lig.  i,  and  plate  S. 
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wrought-iroD  caissons,  48  feet  long,  and  24  feet  wide,  splayed  out  in  the 
bottom  20  feet,  to  52  feet  and  24  feet  respectively  (Fig.  30),  witb  4e 
object  of  facilitating  their  descent,  which  were  floated  into  position  b; 
help  of  a  false  bottom,  and  sunk  through  a  stratum  of  mud,  reaching! 
thickness  of  about  tzo  feet,  to  a  sandy  bed  below,  the  bottom  of  the 
foundation  of  one  of  the  piers  being  162  feet  below  high  water  of  spring 
tides.'  Three  vertical  ^afts  were  fonned  in  the  caisson,  8  feet  in 
diameter  and  widening  out  at  the  bottom,  through  which  the  dredging 
was  eftected ;  and  the  caisson  was  weighted  with  concrete  in  the  spice 
between  the  shafts  and  the  sides  of  the  caisson  (Figs,  29  and  yn)- 


\\licn  the  stratum  of  sand  was  reached,  the  shaf^  were  filled  wi4 
coniTete;  and  the  masonry  piers  were  erected  upon  these  foundations 
from  about  low-water  level. 

The  jiiers  of  the  lai^e  spans  of  the  DufTerin  Bridge  crossing  the 
Cinnges  at  Benares,  were  each  founded  by  aid  of  an  elliptical,  wrought- 
iron  caisson,  with  a  major  axis  of  65  feet  and  a  minor  axis  of  38  feet, 
provided  with  a  cast-steel  cutting  edge,  and  divided  into  three  comput- 
ments  by  two  partitions.-  The  caisson  was  formed  with  an  inner  shell 
brarft.1  to  the  outer  skin,  and  the  partitions  also  with  two  shells;  and 
till'  intervening  spaces  were  filled  up  with  brickwork.  The  caisson  was 
lowiTL-il  on  to  the  bed  of  the  riier  between  two  pontoons,  its  height 
varying  from  ro  to  50  feet,  according  to  the  depth  of  water  at  the  site; 
and  ihc  brickwork  of  the  outerlining,  and  of  the  partitions,  was  continued 
above  the  top  of  the  caisson,  with  an  increased  thickness  by  corbelling 
over  inside,  being  built  up  as  the  sinking  progressed,  to  keep  the  top  <rf 
the  structure  well  above  the  water.  These  foundations,  indeed,  only 
(litter  from  ordinary  well-foundations  in  the  iron  caisson  lining  for  the 
bottom  jioTtion,  and  the  elliptical  form  of  the  foundation  with  its  three 
hollow  romixirtments ;  for  the  lining  of  brickwork,  the  dredging  inside 
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the  hollows  for  sinking,  and  the  building  up  of  the  brickwork  on  the  top 
as  the   sinking  proceeds,  constitute  ^e  essential   principles  of  well- 
foundations.     Three  of  the  piers  of  this  bridge  rest  upon  stiff  clay  at 
only  a   moderate  depth  below  the  river-bed,  as  this  stratum  is  little 
subject  to  scour,  and  has  been  adequately  protected  by  rubble  stone 
deposited  round  the  piers ;  but  the  foundations  of  all  the  other  piers, 
in  the  sandy  bed  of  the  other  part  of  the  channel,  and  in  the  sandy 
right  bank  beyond  the  low-water  channel,  have  been  carried  down 
considerable  depths  below  the  surface,  mosdy  through  sand,  to  secure 
them  from  any  chance  of  being  undermined  by  scour  during  floods,  or 
from  changes  in  the  position  of  the  main  channel.     The  foundations  of 
the  two  deepest  piers  were  sunk  about  80  to  90  feet  in  the  sandy  bed  of 
the. main  channel,  to  a  depth  of  140  feet  below  the  low-water  level 
of  the  river,  and  190  feet  below  the  highest  flood-level;  whilst  the  two 
piers  on  the  sandy  right  bank,  nearest  to  the  low-water  channel,  were 
sunk  through  145  feet  and  165  feet  of  sand  to  depths  of  171  feet  and 
183  feet  below  flood-level.     The  increased  scour  resulting  from   the 
reduction  in  the  waterway  produced  by  the  piers,  has  increased  the 
maximum  depth  of  the  river  at  the  site,  from  37  to  65  feet  in  the  dry 
season,  and  from  100  to  120  feet  during  the  floods. 

The  two  piers  of  the  railway  bridge  across  the  River  Hiigli  at  HiSgli, 

were  each  founded  within  a  wrought-iron  caisson,  66  feet  long,  with 

semicircular  ends,  25  feet  wide  and  108  feet  high,  divided  into  three 

open  compartments  by  two  box-shaped,  watertight  partitions,  15  feet 

'nde,  providing  the  buoyancy  required  for  floating  the  caisson   into 

position  and  keeping  it  afloat  till  it  reached  the  bed  of  the  river.  ^     The 

bottom  i6-feet  height  of  the  caisson  was  floated  out  from  the  bank; 

and  the  remainder  was  built  up  in  rings,  4  feet  high,  lowered  from 

staging  on  two  pontoons  as  the  caisson  descended.     The  river  has  a 

depth  at  the  site  of  the  piers  of  about  30  feet  at  the  lowest  low  water ; 

and  the  caissons  had  to  traverse  about  60  feet  of  silt  before  reaching 

tbe  yellow  clay,  into  which  they  were  carried  about  10  to  12  feet.     The 

excavation  at  the  bottom  of  Uie  caissons  was  effected  by  a  boring  tool 

working  in  each  compartment ;  and  the  material  was  removed  from  the 

caisson  through  a  siphon  by  aid  of  an  ejector,  and  discharged  into  the 

river.     The  sinking  was  assisted  by  the  weight  of  the  successive  rings  as 

they  were  added,  and  the  3-feet  brick  lining  built  on  a  series  of  iron 

Jedges  round  the  semicircular  ends,  by  filling  the  buoyancy  partitions 

with  ccMicrete  below  and  brickwork  above,  and,  as  soon  as  the  caisson 

was  embedded  in  the  clay,  by  pumping  out  some  of  the  water.     The 

caisson  was  finally  filled  for  about  the  lower  half  of  its  height  with 

concrete,  and  then  with  brickwork  up  to  the  top,  which  emerged  some 

feet  out  of  water. 

These  examples  suffice  to  indicate  the  unfavourable  conditions 
under  which  caissons  have  been  successfully  employed  for  foundations, 
and  the  great  depths  to  which  they,  as  well  as  cylinders,  have  been 
sunk.     The  caissons  of  the  Hawkesbury  Bridge  afford  an  instance  of 

'  Proceedings  Imt  C,E,,  vol.  xcii.  p.  75,  and  plate  I. 
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caissons  being  given  an  increased  width  at  the  bottom,  with  the  object 
of  reducing  the  skin-friction  in  sinking;  but  vertical  sides  appear tD 
have  the  advantage  of  rendering  the  caisson  less  liable  to  cant  ova 
during  its  descent. 

CompresBed-air  FoandationB. — In  sinking  wells,  caissoDS,  or 
cylinders  through  running  sand  or  very  fine  silt,  trouble  is  apt  to  oco* 
through  the  sudden  influx  of  the  surrounding  material ;  and  diffieulbtf 
are  experienced  when  foundations  have  to  be  laid  on  a  shelving  bed 
of  rock  at  a  considerable  depth  below  the  surface,  or  when  the  cutdog 
edge  comes  in  contact  with  boulders  or  trunks  of  trees.  Moreoveff 
with  open  foundations  sunk  through  water-bearing  strata,  and  not 
reaching  a  sufficiently  watertight  stratum  for  the  water  to  be  pumped 
out,  the  stratum  on  which  the  foundation  rests  cannot  be  thoroughly 
examined ;  and  the  bottom  layers  of  concrete  for  filling  up  the  central 
hollow  have  to  be  deposited  under  water.  By  the  use,  however,  of 
compressed  air,  sand  and  silt  can  be  kept  out ;  the  excavation  at  the 
bottom  of  the  caisson,  or  the  levelling  of  the  rocky  bed  can  be  effected 
in  the  usual  manner;  boulders,  trunks  of  trees,  or  other  obstructions 
under  the  cutting  edge  can  be  dealt  with,  the  foundations  can  be  laid 
bare,  and  the  whole  of  the  concrete  filling  can  be  deposited  out  of 
water.  The  only  objections  to  the  use  of  compressed  air  are,  that  it 
becomes  trying  to  the  workmen  at  considerable  depths  below  the  water- 
level,  and  that  it  is  liable  to  prove  more  costly  than  the  open-air 
methods  when  the  conditions  are  not  specially  unfavourable  for  these 
methods. 

The  essential  part  of  the  compressed-air  system  is  the  bottomless 
caisson,  not  less  than  6  feet  high,  forming  the  working  chamber  filled 
with  compressed  air,  in  which  the  men  excavate  the  material  at  Ae 
bottom  of  the  chamber,  and  thus  gradually  cause  the  caisson  to  descend 
till  it  reaches  a  firm-enough  stratum  to  bear  the  weight  of  the  structure, 
and  extends  to  a  sufficient  depth  in  the  sandy  or  silty  bed  of  a  river  to 
be  secure  from  scour;  after  which  it  is  filled  up  with  concrete.    The 
caisson  is  generally  constructed  of  wrought  iron ;  but  occasionally  wood 
is  used  instead,  as  for  instance  the  caissons  for  the  piers  of  the  BrookljJ* 
and  Harlem  bridges  at  New  York.     The  roof  of  the  working  chamber  is 
made  very  strong,  in  order  to  support  the  structure  built  on  it  within  the 
shelter  of  the  plate-iron  sides  erected  round  the  roof  at  the  top,  and 
raised  above  the  water.     Access  is  obtained  to  the  working  chEunber 
through  one  or  more  vertical  shafts  erected  over  apertures  in  the  roofi 
each  provided  with  an  air-lock  at  the  top  or  bottom,  for  the  passage  of 
men  and  materials  from  the  open  air  into  compressed  air,  and  back  again. 
The  chamber  is  lighted  with  electric  light  to  avoid  the  smoke,  absorption 
of  oxygen,  and  heat  of  ordinar>'  lamps  in  the  compressed  air  and  con- 
fined  space.      To  work  with   safety  under  compressed  air,  the  men 
should  be  healthy  and  temperate,  and  the  air  kept  pure  and  frequently 
renewed;  and  the  insensibility  which  occasionally  comes  over  a  man 
on  emerging  direct  from  a  high  pressure  into  the  open  air,  and  is  some- 
times altrnded  with  dangerous  or  even  fatal  results,  can  usually  be 
comi)letely  cured  by  placing  a  man  thus  seized  in  a  chamber  of  pure 
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compressed  air  at  a  lower  pressure,  which  ts  slowly  reduced  to  the 
normal  atmospheric  pressure.^ 

The  foundations  of  the  Antwerp  quay  walls  in  the  River  Scheldt  are 
probably  the  most  extensive  continuous  works  which  have  been  carried 
Ml  under  water  by  compressed  air.  The  caissons,  with  the  working 
dumber  at  the  bottom,  6t  feet  high,  were  over  83  feet  long  and  191^  feet 
«ide,  and  from  S^to  igi  feet  in  height,  according  to  the  depth  of  water 
at  Ibe  site  where  they  had  to  be  founded.'  The  caisson,  having  been 
built  on  shore,  was  floated  out  and  placed  in  position  between  two 


harges  moored  in  the  river  and  connected  together  abo\e,  containing 
(he  air-compressing  machinery  and  materials  ;  and  the  plalc-iron  coffer- 
dam, carried  out  by  the  barges,  was  then  fastened  to  the  toj)  of  the 
caisson  (Fig.  31).  The  caisson  was  then  gradually  sunk  by  filling  with 
concrete  the  portion  of  the  caisson  on  the  top  of  the  roof  of  the  working 


'  Protitdingt  liiit.  C,£.,  vol.  cxiiii,  p.  96. 

'  Mfmaim  dt  la  SacUti  dtt  JngfnUurs  CiviU,  I 
ind  "  TraTaux  Publics,  Ouvmges  executes  au  nioyen  il 
p.  17  s,  and  plate  4,  fig&  6  and  7. 
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chamber,  whidi  was  strengthened  by  girders  to  support  the  weight  ol 
the  wall,  and  building  the  wall  on  the  concrete  within  the  shelter  of  tbf 
■^plftte-iron  sides  till  the  caisson  touched  the  bottom  at  high  tide.  The 
position  of  the  caisson  was  then  carefully  adjusted,  being  lightly  sus- 
Knded  by  chains  Trom  the  overhead  staging  on  the  barges,  aided  by 
fee  introduction  of  some  compressed  air  below;  and  an  additional 
weight  of  wall  was  built  up  directly  the  caisson  had  been  finally  lowered  ; 
into  position,  to  counteract  the  upward  pressure  which  the  compressed  1' 
air  would  produce  in  the  working  chamber.  Compressed  air  was  tbeo 
]«imped  into  the  working  chamber ;  and  the  workmen  entered  the 
chamber  through  the  large  central  air-lock  and  shaft,  and  carried  down 
the  caisson,  with  the  superposed  8i-feet  length  of  wall,  by  excavatiitg 
the  ground  under  the  chamber  till  a  solid  stratum  was  reached,  belw 
the  layer  of  silt  forming  the  bed  of  the  Scheldt  in  front  of  Antweni. 
Six  smaller  shafts,  in  addition  to  the  central  shaft,  were  carried  up  from 
the  roof  of  the  working  chamber,  two  small  ones  for  the  discharge  of  the 
excavated  materials,  and  four  for  filling  the  chamber  with  concrete  on 
the  termination  of  the  sinking,  openings  being  left  in  the  wall  for  these 
shafts,  which  were  subsequently  filled  with  concrete  after  the  remoral  of 
the  shafts  and  plate-iron  sides  for  another  length  of  walL  The  origual 
caisson  forming  the  sides  and  roof  of  the  working  chamber,  was  the  only 
portion  of  the  plant  left  in  place ;  and  the  remainder  served  for  sevetal 
lengths  of  wall,  since  the  construction  of  a  length  of  foundations  uplOl 
little  above  low  water,  by  this  system,  only  occupied  35  days.  The 
aperture  necessarily  left  between  two  adjacent  lengths  of  wall,  was  dosed 
at  the  face  and  back  by  timber  panels,  and  the  space  filled  up  wUh 
concrete,  so  that  a  continuous  quay  wall  could  be  erected  on  the  top. 

The  working  chamber  for  the  foundations  of  the  piers  of  river 
bridges,  has  to  be  made  large  enough  for  the  erection  of  the  pier  above 
it.  Thus  the  hexagonal,  wrought-iron  caissons  on  which  the  piers  of  dK 
St.  Louis  Bridge  across  the  Mississippi  were  founded,  had  each  a  work- 
ing cliamber  82  feet  long,  61  feet  wide,  and  9  feet  high,  with  seven 
shafts  giving  access  to  it,  having  their  air-locks  at  the  bottom  of  the 
shafts  J '  and  the  two  piers  were  founded  on  rock,  at  depths  of  76  fcct 
and  J02  feet  respectively  below  low  water.  The  timber  caissons  on 
which  the  two  piers  of  the  BrookljTi  bridge  over  the  East  River  were 
founded,  had  working  chambers  167  feet  long,  loi  feet  wide,  and  10 
feet  high,  with  nine  shafts  of  access,  and  were  sunk  to  depths  of  78  feet 
and  45  feet  respectively  below  high  water.  In  this  case,  tiers  of  balks 
were  raised  high  enough  on  the  roof  of  the  chamber  to  emerge  out  of 
water  when  the  caisson  touched  the  bottom,  enabling  the  masonry  pier 
to  be  built  upon  it  without  any  cofferdam  round  it.  The  central  piet 
of  the  Harlem  River  Bridge  at  New  York,  for  which  a  level  bed  had  to  bo 
formed  in  a  sharply-sloping  face  of  rock,  was  founded  by  compressed  air 
in  a  working  chamber  104  feet  long,  54  feet  wide,  and  7  feet  high,  with 
timber  sides  3  feet  thick,  and  a  roof  6  feet  thick,  upon  which  tlie  masonry 
_of  the  pier  was  built ; '  and  access  to  the  chamber  was  provided  by  a 
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siufi  wirh  sn  air-loclc  at  (be  lop  for  the  men,  and  another  shaft  v. 

'  al  the  bottom  for  materials.    Six  of  the  circular  piers  supportinff'" 

cantileveis  of  the  Forth  Bridge,  rest  on  foundations  carried 
lo  depths  of  from  64  to  89  feet  below  high  water  by  compressed 
having  been  founded  on  a  bed  cut  in  a  face  of  sloping  rock, 
^e  other  four  having  been  sunk  33  to  49  feet  through  mud  andv 
day  into  boulder-clay,'-  The  circular  plate-iron  caissons  used  for  lliea 
foundations   were    70    feet    in 

diaiueter.  with  a  workbg  well-sinking  bv  compressed  air 
chamber  at  the  bottom  7  feet 
high ;  and  ihey  were  floated 
out.  and  sunk  in  position  by 
putting  concrete  into  the  upper 
portion  above  the  roof  of  the 
fhimber.  When  the  sinking 
«u  completed,  the  working 
chamber  was  filled  nith  con- 
oeiess  usual ;  and  the  concrete 
to  die  upper  part  of  the  caisson 
ns  raised  to  low-water  level, 
■od  die  masonry  piers  built 
opoo  it 

Compressed  air  has  been 
tmnetimea  used  for  foundations 
tunk  through  water  -  bearing 
itna  on  land,  of  which  the 
ffiundations  of  two  of  the  piers 
fonuing  tbe  base  of  the  Eiflfel 
Tower  are  instances,  as,  in 
order  to  reach  a  gravel  bed  in 
the  case  of  the  two  piers  nearest 
the  Seine,  it  was  necessary  to 
orry  the  foundations  i&j  feet 
below  the  ordinary  water-level 
of  the  river.    These  foundations 

•ere  laid  33  feet  below  the  ground  by  four  wrought-iron  c 
long  arid  1 3  feet  wide,  for  each  pier,  sunk  by  the  aid  of  compressed  aiTi^ 

Occasionally  compressed  air  is  only  used  as  a  final  resource,  whea^ 
the  opcn-oir  system  is  greatly  impeded  by  boulders  or  other  obstructions,  ■ 
W  by  frequent  inrushes  of  sand  or  silt  and  water.  Thus  the  sinking  of 
foill  out  of  the  eighteen  pairs  of  cylinders  of  the  Chittravati  Bridge,  was 
completed  by  compresswi  air,  owing  to  the  ditHculties  in  dealing  with 
munerous  boulders  at  a  considerable  depth;  and  the  masonry  wells  on 
■hich  the  walls  of  a  dock  at  Rochefort  were  founded,  were  designed  so 
ihai  a  vaulted  masonry  roof,  with  a  central  circular  opening,  could  be 

"■  •  built,   165  feet  from  the  bottom,  forming  a  working  chamber 
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(Fig.  32),  whenever,  in  sinking  through  50  to  90  feet  of  alluvium,  a  greater 
influx  of  silt  or  water  occurred  than  could  be  coped  with  by  excavadon 
and  pumping,  and  the  sinking  completed  by  compressed  air.^ 

In   order  to  reduce  the  cost   of  the  compressed-air  system  for 
foundations  in  shallow  water,  the  caissons  have  been  made  movable 
in  some  cases,  being  raised  by  screw-jacks  as  the  masonry  is  built  up, 
a  plan  adopted  for  the  foundations  of  two  piers  of  the  Garrit  bridge 
over  the  Dordogne,  for  some  of  the  foundations  of  the  Cep  bridge  over 
the  Charente,  and  for  the  foundations  of  the  outer  portions  of  the  two 
breakwaters  protecting  the  harbour  of  La  Pallice  at  La  Rochelle.*    By 
this  means,  the  caisson  forming  the  working  chamber  can  be  used  over 
again  for  successive  lengths  of  foundations,  instead  of  remaining  em- 
bedded in  the  masonry  which  considerably  augments  the  cost  in  the 
case  of  foundations  in  small  depths  of  water;  and,  accordingly,  this 
system  enables  compressed  air  to  be  used  for  works  in  shallow  water  at 
a  reasonable  cost. 


Piers  of  Bridges.  • 

The  difficult  part  of  the  piers  of  river  bridges  has  already  been  dealt 
with  under  the  head  of  foundations ;  whilst  the  upper  portion  of  these 
structures  which  is  exposed  to  view,  though  on  that  account  requiring 
neatness  in  construction,  affords  no  cause  for  anxiety,  and  little  scope 
for  engineering  skill.  In  some  cases,  as  for  instance  where  disc  piles, 
screw-piles,  or  cylinder  piers  are  adopted,  the  foundation  and  upper 
part  of  the  pier  form  a  single  structure ;  whereas  in  other  cases,  solid 
masonr)'  superstructures  of  reduced  thickness  are  erected  on  the  top  of 
the  broader  cylindrical,  brick  well,  or  other  foundations.  The  upstream 
end  of  the  pier  is  tapered  off  with  a  pointed  cut-water  to  a  little  above 
the  water-level,  to  direct  the  current  with  as  little  eddy  as  practicable 
through  the  waterways  between  the  piers ;  and  a  cut-water  has  to  be 
formed  at  both  ends  of  the  pier  in  a  tidal  river,  where  the  current 
flows  alternately  in  both  directions.  An  extended  cut-water,  or  ice- 
breaker, has  to  be  built  on  the  upstream  side  of  piers  in  rivers  exposed 
to  severe  frosts,  to  break  up  the  masses  of  floating  ice  coming  down  in 
the  spring,  so  that  they  may  pass  through  the  openings  of  the  bridge, 
and  not  heap  up  against  the  piers  and  block  the  river ;  and  piers  are 
often  protected  from  the  injurious  blows  of  floating  debris  by  timber 
pilework  and  fenders. 

Influence  of  Pier  Foundations  on  the  Design  of  Bridges. 
— The  design  of  a  .bridge  depends  primarily  on  the  spans  selected  for 
its  openings ;  and  the  spans  again  are  determined  by  the  number  and 
positions  of  the  piers.  Since,  however,  the  cost  of  a  bridge  varies 
approximately  in  proportion  to  the  square  of  its  span,  it  is  evident  that 
where  the  piers  are  of  small  height  and  their  foundations  easy,  small 
spans  and  numerous  piers  provide  the  most  economical  form  of  viaduct 

^  Annaifs  des  Ponts  et  Chaussia^  1884  (i),  p.  150,  and  plate  13,  figs.  3  and  4. 
*  IbiiLy  1889  (2),  p.  461,  and  plates  50-54. 
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HTien,  on  the  contrary,  the  piers  have  to  be  made  a  considerable 
iidght,  and  more  especially  at  sites  where  subaqueous  foundations  have 
to  be  carried  down  to  a  considerable  depth  below  the  bed  of  the  river, 
it  becomes  expedient  to  adopt  large  spans  in  order  to  reduce  the 
number  of  piers.  The  low  brick  viaducts  carrying  railways  above 
ground  through  towns,  or  across  lands  subject  to  floods,  and  also  the 
higher  viaducts  across  valleys  with  larger  spans,  afiford  instances  of 
numerous  piers ;  and  the  same  system  is  resorted  to  where  iron  viaducts 
have  to  be  supported  by  disc  piles  or  screw-piles  in  a  stratum  of  sand  or 
silt  of  indefinite  depth,  for  under  these  conditions,  the  weight  which  can 
be  home  by  the  piers  in  the  soft  foundation  without  settlement,  can  only 
be  kept  within  the  restricted  limits  by  adopting  a  large  number  of  piers 
supporting  small  spans,  of  which  the  Morecambe  Bay  viaducts  furnish  a 
notable  example,  with  spans  in  general  of  only  30  feet  between  the  disc- 
pile piers.  Large  spans,  on  the  other  hand,  of  between  300  and  500 
feet,  have  been  adopted  for  many  bridges  across  rivers,  in  order  to  reduce 
the  number  of  river  piers,  of  which  the  Saltash,  St.  Lawrence,  St.  Louis, 
Moerdyk,  Hiigli,  and  Hawkesbury  bridges  are  instances ;  whilst  in  a  few 
cases,  it  has  been  possible  to  avoid  altogether  building  river  piers  at 
unfavourable  sites,  by  adopting  spans  sufficient  to  bridge  over  the  river 
or  gorge,  as  exemplified  by  the  bridges  across  the  Niagara  gorge,  the 
Douro  bridge  at  Oporto,  the  central  arch  of  the  Garabit  viaduct  in 
Fnmce,  and  the  Sukkur  Bridge  across  the  Indus.  Moreover,  owing  to 
the  exceptional  obstacles  in  portions  of  the  Eiast  River  and  the  Firth  of 
Forth  to  the  construction  of  piers,  spans  of  unprecedented  magnitude 
were  resorted  to  for  the  Brooklyn  and  Forth  bridges.  Accordingly,  the 
nature  of  the  foimdations  for  the  piers,  and  the  general  conditions  of 
the  site  affecting  their  height,  have  a  very  important  influence  on  the 
spans  that  should  be  adopted  for  a  bridge  crossing  a  river,  estuary,  or 
arm  of  the  sea. 

ProviBion  for  Navigable  ChanneL — In  crossing  the  navigable 
channel  of  a  river  or  estuary,  the  piers  of  the  bridge  have  to  be  arranged 
so  as  not  to  encroach  unduly  on  the  channel,  and  to  leave  an  ample 
width  for  the  passage  of  vessels.     Accordingly,  in  a  bridge  designed  to 
have  several  openings  of  small  span,  one  or  two  openings  of  larger  span, 
affording  an  adequate   waterway   between  the  piers  at  the  navigable 
charmel,  have  to  be  provided.     Moreover,  where  no  special  local  con- 
ditions of  a  deep  gorge  or  valley,  or  high  adjacent  land,  of  themselves 
necessitate  a  high  bridge,  the  piers  must,  nevertheless,  be  raised  suffi- 
ciently high  to  afford  the  requisite  headway  for  vessels  under  the  bridge 
at  the  highest  navigable  water-level  of  the  river.     In  making  these  pro- 
visions, full  allowance  must  be  made  for  any  reasonable  prospective 
improvement  in  the  navigable  channel,  and  increase  in  the  size  of  the 
vessels  navigating  the  river ;  and,  therefore,  besides  allowing  an  ample 
waterway  and  headway  through  the  openings  of  any  bridge  erected 
across  a  navigable  channel,  it  is  necessary  that  the  foundations  of  the 
piers  of  these  openings  should  be  carried  down  far  enough  below  the 
bed  of  the  river  to  secure  them  from  being  undermined  by  any  requisite 
deepening  of  the  channel. 


8o  SAFE  LOADS  ON  FOUNDATIONS  OF  BRIDGE  PIERS. 

Loads  on  FoandationB  of  Piers  of  Bridges. — The  weight  that 
has  to  be  borne  by  bridge  piers  necessarily  augments  in  an  increasing 
ratio  with  an  increase  in  the  span ;  whilst  the  actual  weight  imposed  upon 
the  foundations  increases  also  with  the  depth  to  which  the  piers  have  to 
be  carried,   owing  to  the  increased  height  of  the  pier.     Provision, 
accordingly,  has  to  be  made  for  the  weight  due  to  large  spans  and  a 
considerable    depth  of  foundation,  by  giving  the  pier  a  larger  base, 
depending  on  the  limit  of  weight  which  can  be  safely  borne  by  the 
stratum  on  which  the  pier  rests.    The  maximum  load  imposed  on  the 
deep  sandy  stratum  of  Morecambe  Bay  by  the  disc  piles,  reached  4  tons 
per  square  foot,  5  tons  having  been  found  by  experiment  to  be  the  limit 
of  the  safe  load ;  whilst  the  load  borne  by  the  compact  London  Clay 
under  the  large  Tower  Bridge  piers  is  the  same.    Greater  loads,  how- 
ever, than  4  tons  per  square  foot  have  been  safely  placed  upon  the 
London  Clay  by  piers  of  other  bridges  across  the  Thames  at  London, 
namely,  4^  tons  at  Charing  Cross  Bridge,  4}  tons  at  Blackfriars  Railway 
Bridge,  and  nearly  6  tons  per  square  foot  at  Cannon  Street  Bridge. 
Considerably  greater  loads,  moreover,  have  been  placed  on  much  less 
compact  strata  by  bridge  piers   founded  at  great  depths  below  the 
surface,  without  producing  settlement,  as,  for  instance,  8j  tons  per 
square  foot  on  hard  sand  at  the  Gorai  Bridge  in  the  Ganges  delta, 
9  tons  on  sand  at  the  Hawkesbury  Bridge,  and  on  yellow  clay  at  the 
Hugli  Bridge,  and   1 1  j  tons  per  square  foot  on  sand  at  the  Duflferin 
Bridge  across  the  Ganges  at  Benares.     These  latter  weights,  however, 
are  probably  in  excess  of  the  actual  loads,  as  no  allowance  has  been 
made  for  skin-friction  and  buoyancy,  which  would  have  a  material 
influence  in  reducing  the  weight  of  the  piers  resting  on  the  foundation, 
at  the  great  depths  below  the  surface  to  which  they  have  been  sunk. 


CHAPTER  VI. 

ROADS,  AND   STREET-PAVING. 

Importance  of  roads — ^Boads :  laying  out  ordinary,  in  mountainous  districts  ; 
formation,  metalling ;  rolling,  with  horses,  and  steam ;  maintenance, 
wear,  influence  of  materials  and  strata,  effects  of  traffic,  repairs — Street- 
paTing:  necessity  for,  in  towns;  forms — Stone  paving :  cobble-stones; 
stone  setts,  materials  for,  sizes,  instances ;  foundations ;  joints ;  cost ; 
merits  and  defects — ^Wood  paving :  dimensions  of  blocks,  laying  ; 
joints ;  duration ;  cost ;  advantages  of  hard  woods  ;  merits  and  defects — 
BricdL  i>aviag :  countries  making  use  of,  foundations  ;  qualities  needed  ; 
cost,  merits  and  defects — Aaphiklt  paving:  composition  of  asphalt, 
natural,  mastic,  Trinidad  ;  laying  ;  cost ;  merits  and  defects — Ck>n' 
elnsionB  about  street-pavioig :  relative  advantages  of  the  diiTerent 
pavings;  kinds  used  in  some  European  and  American  cities— Foot- 
paths :  country,  materials  employed ;  town,  forms  of  paving  used  and 
their  relative  merits,  curbs. 

Roads  have  been  deprived  by  railways  of  their  commanding  position  as 
the  chief  means  of  communication,  and  the  pioneers  of  civilization  ;  but 
though  railways  have  absorbed  most  of  the  long-distance  traffic,  and 
fomish  the  most  rapid  method  of  opening  up  new  countries,  roads  have, 
nevertheless,  acquired  an  enhanced  importance  from  the  great  growth  of 
traffic  produced  by  the  railways,  combined  with  the  rapid  increase  of 
population,  and  the  demand  for  improved  facilities  for  transit.  The 
great  growth,  also,  of  cities  and  towns,  the  progress  of  sanitary  science, 
ind  the  requirements  of  a  higher  civilization,  have  necessitated  improve- 
nients  in  the  paving  of  streets  subjected  to  large  traffic. 


Roads. 

Laying  out  Roads. — The  great  roadmakers  of  ancient  times,  the 
Romans,  used  to  lay  out  roads  in  a  straight  line  from  point  to  point, 
»hich  sometimes  resulted  in  a  road  going  over  a  hill  which  a  moderate 
^ftour  would  have  avoided,  as,  for  instance,  the  old  Dover  road  in  con- 
ation of  Watling  Street,  which  passes  over  the  summit  of  Shooter's 
Hill  between  Blackheath  and  Welling.  Possibly  this  course  was 
adopted  as  the  easiest  in  a  forest-clad  country,  or  for  strategic  reasons ; 
hut  modem  practice  has  tended  more  and  more  to  seek  easy  gradients. 
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in  preference  to  directness  of  route,  for  country  roads  which  are  gene- 
rally laid  along  the  natural  surface  of  the  ground,  as  economical  con- 
siderations preclude  the  levelling  of  these  roads  by  cuttings  and 
embankments,  except  to  a  very  limited  extent  at  specially  steep  places. 
An  example  of  this  change  of  practice  is  afforded  near  Giasmere,  in 
Westmoreland,  where  three  coach-roads  may  be  noticed;  the  oldest, 
long  ago  abandoned,  being  the  most  direct,  and  traversing  the  spurs  of 
the  hills  protruding  into  the  valley ;  the  next,  at  a  lower  elevation,  con- 
touring to  some  extent  the  spurs,  and  consequently  more  drcuitous; 
and,  lastly,  the  present  coach-road  in  the  valley,  which,  though  con- 
siderably longer,  has  comparatively  easy  gradients.  Roads  are  well 
adapted  for  following  the  contours  of  a  lully  country,  as  sharp  turns  aie 
admissible;  and  zigzags  are  sometimes  resorted  to  for  reducing  the 
gradient  of  a  steep  ascent. 

In  mountainous  districts,  roads  should  be  laid  out  so  as  to  obtain  the 
minimum  amount  of  variation  of  level  practicable;  and  long  steep 
gradients  should  be  provided  with  fairly  flat  short  pieces  at  intervals,  to 
afford  the  horses  resting-places  in  the  ascent,  and  to  reduce  the  injoiy 
to  the  road  caused  by  the  descent  of  the  drainage  in  the  event  of  a 
stoppage  of  the  cross  drains.  The  road  has  to  be  carried  gradually  up 
the  valley  leading  to  the  dividing  ridge,  following  along  one  of  the  side 
slopes,  so  as  to  make  the  gradient  as  uniform  as  possible  in  ascendipg  to 
the  pass  through  the  mountain  range. 

The  gradients  of  a  road  must  largely  depend  on  the  nature  of  the 
country  traversed ;  but  the  natural  gradients  of  the  land  may  often  be 
materially  lightened  by  adopting  a  circuitous  course,  and  occasionallj 
by  a  moderate  amount  of  cutting  and  embankment.  Telford,  in  tltf 
main  roads  he  laid  out,  endeavoured  usually  to  restrict  the  maximum  or 
niling  gradient  to  i  in  30,  by  making  detours  where  necessary;*  but 
sometimes  gradients  of  i  in  18,  or  even  i  in  15,  have  to  be  allowed. 
The  sacrifices  which  should  be  made  in  increased  length  of  road,  or 
earthwork  in  cuttings  and  embankments,  must  clearly  be  determined  by 
the  difficulties  of  the  district,  and  the  importance  of  the  vehicular 
traffic. 

Formation  of  Road.— On  firm  ground,  it  is  only  necessary  to  dig 
a  shallow  trench  or  drain  along  each  side  of  the  road,  to  level  snudl  in- 
equalities and  fill  up  hollows,  and  to  raise  the  road  about  4  to  6  inches 
towards  the  centre,  according  to  its  width,  for  the  sake  of  drainage, 
before  laying  on  the  materials  fonning  the  lining  of  the  road,  which 
have  to  stand  the  wear  and  tear  of  the  traffic.  The  width  adopted  for  a 
road  varies,  according  to  its  importance,  from  about  20  feet  up  to  35 
feet  for  the  chief  main  roads.  The  surface  of  a  road  in  cross  section 
should  be  a  very  flat  ellipse,  or  preferably  two  straight  lines  sloping 
down  to  the  water-table  or  gutter  on  each  side,  joined  by  a  short  curve  in 
the  centre,  so  that  rain  falling  on  the  road  may  run  off  to  the  side  drains; 
and  the  removal  of  this  water  is  facilitated  by  a  longitudinal  gradient, 

'  "  RqK^rt  of  the  Commissioners  fur  repairing  the  Roads  between  London  and 
Jlolyhcacl/'  1816  ;  and  "  Reports  of  ^!r.  Telford  upon  the  Holyhead  Road,"  1819  and 
1826,  plates. 
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using  it  to  run  down  the  side  drains  to  the  cross  drains  formed  at 
tervals,  leading  it  into  the  ditch  alongside  each  fence  bordering  the 
»ad. 

Mountain  roads,  cut  into  the  side  of  a  valley,  are  generally  given  a 
ross  slope  from  the  outside  down  towards  the  inside,  the  drainage 
xnn  the  road,  and  from  the  side  of  the  hill,  coming  into  a  chaimel  along 
ae  inner  edge  of  the  road,  and  being  discharged  at  intervals  through 
ulverts  passing  under  the  road  to  the  outer  slope.  ^  By  this  means  the 
osd  is  relieved  from  the  drainage  water  of  the  slope  above  it,  which  has 
o  flow  across  the  road  where  the  cross  slope  dips  toward  the  outside,  and 
rom  the  gradual  disintegration  which  may  result  from  the  flow  of  water 
3ver  the  outer  edge  of  the  road ;  but  the  cross  drains  must  be  given  an 
imple  capacity,  to  prevent  the  possibility  of  the  road  becoming  a  sort 
3f  waterway  during  exceptional  rainfall.  Slips  down  the  hilly  slope 
3Q  the  iimer  side  of  a  mountain  road,  may  to  some  extent  be  prevented 
by  retaining  walls ;  and  the  road  has  to  be  protected  at  certain  places 
fiiom  avalanches,  or  the  descent  of  debris^  by  a  shelter  of  timber  or 
masonry,  or  by  carrying  the  road  inside  a  tunnel  across  exposed  slopes. 

Where  the  ground  is  soft,  a  layer  of  large  stones  or  pitching  on 
edge  is  required  to  consolidate  the  foundation  for  the  road ;  and  where 
the  road  has  to  traverse  marshy  land  or  a  bog,  the  land  should  be 
^roughly  drained  before  the  road  is  formed  over  it,  or  layers  of 
^yin^  may  be  deposited  on  the  marsh,  which  serve  to  support 
the  road. 

Metalling  Roads. — Broken  stone  is  the  material  commonly 
employed  for  the  coating  of  main  country  roads,  and  for  streets  with 
moderate  traffic  in  towns,  gravel  being  only  used  for  roads  having  little 
traffic.  McAdam,  in  the  early  part  of  the  nineteenth  century,  pointed 
out  that  roads  are  best  made  and  repaired  with  broken  stone,  when  the 
stODes  are  hard,  angular,  and  of  fairly  uniform  size ; '  and  they  should 
be  broken  sufficiently  small  to  pass  through  a  ring  not  exceeding  2\ 
ixx^es  in  diameter.  This  system  of  forming  roads  with  broken  stones 
of  definite  size,  termed  road-metal,  deposited  in  a  layer  6  to  10  inches 
thick  over  the  whole  surface,  has  been  called  macadamizing  after  its 
inventor,  and  has  been  imiversally  adopted.  The  interstices  between 
the  broken  stones  are  best  filled  up  by  spreading  small  gravel  on  the 
top,  with  a  small  proportion  of  the  gritty  scrapings  off  macadamized 
roads  in  wet  weather,  which  serve  to  consolidate  the  road.  In  byroads, 
3nly  about  the  central  12  to  15  feet  are  metalled. 

Rolling  of  Macadamized  Roads. — Formerly,  even  in  many  of 
he  I^ndon  streets,  the  consolidation  of  the  rough  layer  of  broken  stones 
«as  left  to  be  gradually  efiected  by  the  wheels  of  the  vehicles  passing 
)ver  it ;  and  during  dry  weather  the  rough  stones  remained  loose  for 
L  long  time,  and  were  very  prejudicial  to  horses  and  vehicles,  as  well  as 
^ery  onerous  to  traction.     At  the  present  day,  in  London  and  other 

*  Proceedings  Inst.  C.E.f  vol.  xxxviii.  p.  81. 

•  •*  Rcmarl^  upon  the  Present  System  of  Road-making,  with  Observations,  with 
View  to  the  Introduction  of  Improvements  in  the  method  of  Making,  Repairing, 

od  Preserving  Roads,"  J.  L.  McAdam.     Bristol,  1816, 


* 
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and  towns,  and  even  in  many  country  districts,  the  consolulatiaa 

the  layer  of  road-metal,  or  macadam,  is  accomplished  by  a  steun- 
roller,  with  the  aid  of  a  suitable  quantity  of  clean  gravel  and  sand.  «nd 
ample  watering.  Rollers  drawn  by  six  or  eight  horses  were  often  used 
formerly  for  rolling  macadamized  roads,  as  liie  rollers  are  comf«n>li»djf 
cheap,  and  being  about  a  third  of  the  weight  of  steam-rollers,  cost  lot 
to  transport  from  place  to  place.  Horse-rollers,  however,  are  awkvud 
to  turn ;  and  they  are  less  effective  than  the  wider  and  heavier  stoat 
rollers,  which  travel  in  either  direction ;  whilst  the  metalling  is  Bonw 
what  disturbed  by  the  horses'  feet.  Moreover,  the  cost  of  tiactiaD  ii 
considerably  less  with  steam-rollers,  in  proportion  to  the  work  dooe, 
than  with  horse-rollers ;  and  on  steep  gradients,  steam-rollers  are  to 
more  advantageous.'  Accordingly,  steam-rollers  are  decidedly  prefo^ 
shle  lo  horse-rollers,  provided  there  is  sufficient  work  to  keep  then 
feiriy  occupied ;  and  their  relative  economy  in  working  soon  conipeiuato 
for  tiieir  large  initial  cost, 

A  newly-formed  macadamized  road,  levelled  by  a  steam-mllet. 
provides  a  smooth,  solid  carriage-way,  not  only  far  more  easy  lijt 
traction,  hut  also  more  durable  than  unrolled  layers  of  stones,  whuli 
are  worn  and  disturbed  by  the  wheels  and  horses'  feet  before  becomist 
incorporated  into  the  roadway.  Soon  after,  however,  the  opening  iJf 
such  a  road,  some  of  the  sand  works  up  on  to  the  surface  under  tbc 
compression  of  the  traffic,  producing  mud  in  wet  weather,  whidi 
should  be  promptly  removed. 

Maintenance  of  Macadamized  Roads.— The  period  ofdiua- 
tion  of  a  road  in  good  order  depends  primarily  upon  the  amouQl  of 
traffic  passing  over  it,  and  the  hardness  and  toughness  of  the  maien»l 
used  for  the  road-metal ;  and  it  is  also  affected  by  the  nature  of 
the  foundation,  and  its  being  kept  free  from  mud  in  wet  weather  by 
frequently  sweeping  with  a  large  revolving  broom  drawn  by  a  hone, 
enabling  it  to  dry  quickly,  and  preventing  the  formation  of  puddles,  Oo 
country  roads,  the  loss  by  wear  of  a  road  metalled  with  good  maiciiil 
varies  in  thickness,  according  to  the  traffic,  between  about  J  inch  and  i 
inch  in  a  year;  but  in  streets  of  towns  with  large  traffic,  the  wear  roajr 
reach  about  4  inches  in  a  year.  The  best  materials  for  a  road  are  buali. 
whinstone,  granite,  and  other  hard,  tough,  primitive  rocks  unafTected 
by  the  weather;  broken  Hints  are  less  suitable  on  account  of  Iheit 
brittleness;  and  limestones,  which  are  often  used,  though  hard,  are 
liable  to  disintegration  by  wet  and  frost.  Gravel  is  only  suited  for 
roads  with  small  traffic;  and  round,  unbroken  shingle  should  never  Ik 
used,  as  the   roundness  of  the  stones  prevents  their  binding  into  a 

ipact  coating  for  the  road.     On   metalled  streets   and  roads  widi 

traffic,  it  is  true  economy  to  employ  the  best  materials,  as  their 

cost  is  mote  than  compeniiated  for  by  the  reduction  in  labour 

"repairs,  and  the  advantages  to  the  public  of  not  having  the  UiSk 

■qucntly  impeded   or  stopped  for  remaking  the  road.     In  country 

istricis,  the  materials  are  generally  obtained  from  the  nearest  avaibble 

'  An»ala  As  Pfmtt  tt  Chatatkt,  1881  (I),  |>|>.  437  and  65^ 
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larry  or  gravel-pit ;  and  very  frequently  the  quality  of  the  materials, 
id  the  nature  of  the  substratum  are  indicated  by  the  condition  of  the 
ads,  for  the  maintenance  of  roads  is  necessarily  far  more  onerous  over 
ayey  or  chalky  strata,  with  only  indifferent  material  readily  available 
IT  metalling,  than  on  sandy,  gravelly,  or  rocky  strata,  with  good  stone 
n  metalling  dose  at  hand. 

In  forming  roads  through  low-lying  valleys,  the  surface  should  be 
lised  above  the  ordinary  flood-level  of  the  adjacent  river  or  stream ; 
nd  trees  should  not  be  allowed  to  overhang  the  road,  as  the  drip  from 
tiem,  and  the  exclusion  of  sun  and  air  from  a  road,  keeps  it  damp  and 
oft,  and  therefore  more  subject  to  wear  and  less  easy  for  traffic. 

Where  the  traffic  is  large,  the  layer  of  road-metal  is  gradually  worn 
bwn  till  it  becomes  too  thin  to  support  the  traffic ;  and  hollows  are 
iable  to  be  formed  at  the  weakest  places,  producing  puddles  of  water 
D  wet  weather,  which  further  injure  the  road  Moreover,  the  greatest 
laffic  occurs  along  the  centre  of  the  road,  which,  accordingly,  becomes 
lat,  and  is  no  longer  properly  drained.  The  repair  of  main  roads  and 
treets  should  be  effected  by  a  fresh  layer  of  road-metal  spread  over  the 
rhole  metalled  surface,  and  by  reforming  the  road  again,  with  more 
oaterial  in  the  centre,  to  its  original  section.  The  surface  of  the  road 
hould  be  cleared  of  mud,  and  with  advantage  slightly  roughed  with  a 
lick,  or  preferably  in  towns  by  a  scarifier  armed  with  projecting  teeth, 
before  the  new  layer  is  deposited,  to  bind  the  new  metalling  to  the  old ; 
ind  the  stones  of  the  new  layer  may  with  advantage  be  rather  smaller 
n  size  than  the  first  coating,  and  the  interstices  between  them  should 
\t  filled  with  the  coarse  road-sweepings  saved  for  the  purpose,  consisting 
n  wet  weather  mainly  of  crushed  road-metal. 

In  country  districts,  the  traffic  keeps  to  the  centre  of  the  road,  which 
s  worn  into  hollows  in  soft  places  in  the  centre  by  the  horses'  feet ; 
nd  a  rut  is  formed  on  each  side  by  the  wheels.  The  covering  of  the 
aad  with  a  continuous  layer  of  fresh  road-metal  would  be  too  costly 
w  roads  of  minor  importance;  and  the  sides  of  the  road  are  little 
rem  in  comparison  with  the  centre.  Filling  the  ruts  with  stones  is 
bjectionable,  as  the  vehicles  tend  to  form  fresh  ruts  alongside,  and 
re  apt  to  scatter  the  stones  in  crossing  the  narrow  line.  Accordingly, 
n  the  approach  of  the  winter,  broad,  thin  patches  of  stones  are  placed 
t  intervals  across  each  rut  alternately,  as  well  as  on  the  worst  hollows 
I  the  centre  of  the  track.  These  patches  divert  the  traffic  to  some 
xteot  towards  the  sides,  till  they  are  gradually  incorporated  in  the 
Mid ;  after  which,  patches  are  laid  down  in  the  intervals,  and  the 
letalling  is  thus  gradually  renewed  at  a  moderate  cost,  and  without 
le  strain  on  the  traffic  which  a  continuous  covering  of  unrolled  metal- 
ng  would  produce.  Where,  however,  the  importance  of  the  road 
imits  of  the  cost  of  repairing  it  with  a  coating  of  broken  stones  and 
>lling  it,  this  system  should  be  adopted. 
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Street-paving. 

In  tovms  where  the  traffic  in  the  central  districts  and  main  thorough- 
fares is  large,  macadamized  roads  wear  so  rapidly,  and  need  sudi 
frequent  repairs,  that  the  cost  of  renewals  and  the  hindrance  to  traflfc 
become  so  great  as  to  necessitate  a  more  durable  lining  for  the  princqil 
streets.  Moreover,  in  the  poor,  densely  populated  quarters  of  laip 
cities,  the  din  and  refuse  absorbed  by  metalled  roads,  in  the  midst  of 
dirt}*,  ill-fed  inhabitants,  are  a  source  of  danger  to  health ;  whilst  the 
dust  and  dirt  produced  by  these  roads  are  objectionable  in  the  richer 
quarters,  where  it  is  expected  that  the  discomforts  attending  the  cooped- 
up  life  in  large  towns  will  be  reduced  to  a  minimum.  Accordingly, 
under  these  conditions,  a  less  absorbent  coating,  less  liable  to  be 
ground  into  dust  and  dirt,  and  more  easily  cleansed  than  macadam,  is 
essential. 

Different  Forms  of  Paving. — A  pa\ing  of  stone  setts,  laid  in 
rows  across  the  road,  upon  a  solid  foundation,  has  been  extensivdj 
used  lor  many  years  in  streets  ha>'ing  a  very  large  traffic.  Wood  his 
also  been  adopted  for  the  coating  of  streets,  in  different  forms.  Thns, 
in  countries  where  timber  is  abundant  and  stone  is  difficult  to  obtaixif 
j^lank  roads  have  been  formed — a  system  frequently  adopted  in  America, 
and  still  more  commonly  resorted  to  for  footpaths,  of  which  many 
insunces  are  still  found  in  such  comparatively  old  cities  as  Quebec, 
Montreal,  and  Toronto  ;  but  the  life  of  a  planked  road  is  short,  owing 
to  wear  and  decay.  Another  form  of  wood  paving,  often  found  in 
Canadian  cities,  consists  of  cylindrical  blocks  cut  from  round  logs  of 
nuxierato  size,  and  bedded  in  sand  with  their  fibres  vertical,  which 
makes  a  fairly  good  roadway  for  a  moderate  traffic  when  newly  laid 
do>\n:  but  in  two  or  three  years  this  kind  of  paving  becomes  very 
irrojiular.  A  more  durable  paving  of  cylindrical  blocks  has  been  laid 
down  in  the  United  States,  by  filling  the  joints  with  cement ;  but  ti»c 
wide  interstices  between  these  blocks  necessitate  the  employment  of  t 
largo  iirojxjrtion  of  cement.  The  ordinary  form  of  wood  paving  in 
sir^^ots,  consists  in  lining  the  surface  of  the  road  ^ith  rectangidar,  wood 
bkK'ks  laid  on  a  firm  foundation  across  the  street,  like  stone  setts. 
Haul  bricks  have  been  long  employed  in  Holland  for  paving  streets  and 
r».\\ds,  and  liave  sometimes  been  used  elsewhere,  within  recent  years, 
instead  of  stone  setts  or  wood  blocks.  Rock  asphalt,  founded  on  a 
In  cr  of  concrete,  is  another  paving  which  has  been  widely  introduced 
in  streets  having  the  largest  traffic — as,  for  instance,  in  the  city  of 
London  and  in  New  York. 

Stone  Paving. 

Cobble-stone  Paving. — Round  cobble-stones  bedded  in  the  road 
formation  furnish  the  simplest  form  of  stone  l)aving,  and  were  largely 
eiuploycil  formerly  in  various  provincial  towns  in  England ;  but  such  a 


Dne  paving. 

is  very  rough,  quite  unsuited  for  heavy  traffic,  and  very  diflicult, 
3,  though  tt  affords  a  fair  foothold  for  horses. 
Qnality  and  Sizes  of  Stone  Setta  for  Paving. — The  best 
mairaial  for  siooe  setis  is  a  very  hard,  tough  stone,  not  liable  lo  wear 
rery  smooth,  such  as  granite  and  other  primitive  rocks,  composiid  of 
quam,  felspar,  and  homblendt;  in  various  proportions.'  On  steep 
gradieiits,  somewhat  softer  stones,  such  as  millstone  grit  or  other  stones 
of  similar  quality,  specially  selected  owing  to  their  retaining  a  rough 
nitlace  tmder  wear,  should  be  used,  so  as  to  ensure  a  good  foothold  for 
horses.  Formerly  setts  from  6  to  9  inches  wide,  8  to  14  inches  long, 
and  about  g  inches  deep,  were  commonly  employed  in  London  for 
paving  streets  with  large  traffic.  These  wide  setts  were  heavy,  and 
therefore  little  subject  to  disturbance,  and  expedited  the  laying  by 
Fedocing  the  number  of  rows ;  but  they  generally  wear  smooth  and 
become  rounded,  so  that  horses  lend  10  slip  on  them,  and  on  inclines 
Ut  liable  not  to  be  arrested  by  the  joints.  Though  this  class  of  paving 
li  still  in  existence  in  London,  the  best  paving  is  now  laid  with  setta 
not  exceeding  3  inches  in  width,  so  as  to  bring  the  joints  closer 
together;  and  the  depth  has  been  reduced  from  9  inches,  with  a 
sum  of  I  a  inches,  down  to  between  6  and  7j  inches,  being 
ipanicd  with  a  corresponding  reduction  in  the  length,  which 
not  exceed  about  9  inches.  More  than  fifty  years  ago,  cubes 
it  Sorrel  granite,  with  dimensions  of  only  3  to  4  inches,  were 
1  for  paving  the  departure  approach  to  Euston  Station,  and 
_  lently  a  part  of  VVatling  Street  in  the  city,  with  remarkably 
Btis&ciory  results.  The  foundation  was  formed  of  three  4-inch  layers 
of  giavcl  and  chalk,  of  diminishing  degrees  of  coarseness,  thoroughly 
nomed  and  consolidated,  upon  which  the  stones,  3  inches  wide,  from 
3  to  4  inches  deep,  and  4  inches  long,  were  laid  in  rows  on  a  i-inch 
bed  of  fine  sand,  and  brought  to  a  level  surface  by  the  blows  of  a 
5S-lb.  wooden  rammer,  the  joints  being  filled  in  with  fine  graveL 
ftis  pavement  afforded  a  good  foothold  for  horses  with  its  numerous 
joints,  was  easy  for  traction  with  its  even  surface,  and  caused  com- 
paratively little  noise  under  a  heavy  traffic;  whilst  its  wear,  after  3I 
»a»  of  the  verj-  heavy  traffic  along  Wathng  Street,  was  hardly  per 
ctpiibJe  where  it  had  been  left  undisturbed,*  Though  the  small  length 
of  the  stones  prevents  the  possibility  of  obtaining  the  bond  between  the 
tavt  which  the  longer  stones  commonly  employed  afford,  nevertheless 
lldi  paving,  owing  to  the  number  of  its  joints,  is  well  adapted  for 
incIiDes,  where  a  good  foothold  for  the  horses  is  of  primary  importance. 
Fonndfttiona  for  Stone  Paving.— The  success  of  the  Euston  pave- 
ntettt  was  due  in  a  great  measure  to  the  firmness  of  its  foundation,  in  which 
lEqwct  the  earlier  stone  pavements  were  often  deficient.  Sometimes 
the  none  setts  have  been  laid  upon  the  old  macadamized  surface  of  the 
road;  but  unless  this  surface  happens  to  be  verj'  solid,  the  paving 
unequally,  producing  irregularities  and  hollows  in  the  surface, 
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which  are  injurious  to  the  vehicles,  dangerous  for  the  horses,  and 
damaging  to  the  setts.  The  foundations,  accordingly,  of  a  stone 
pavement  should  always  be  voy  carefully  formed  with  consolidated 
layers  of  suitable  materials,  finished  off  with  a  solid,  even  surface, 
before  the  paving  is  put  on;  and  in  streets  ijvith  very  heavy  traflk; 
the  foundation  should  consist  of  a  layer  of  Portland  cement  concrete, 
not  less  than  6  inches  thick,  formed  vnih  a  smooth  surface  to  the  exact 
profile  of  the  road,  and  left  to  set  for  about  ten  days  before  the  laying 
of  the  setts  is  commenced.  A  layer  of  f  to  x  inch  of  sand  should  be 
spread  on  the  top  of  the  concrete  foundation,  as  a  cushion  for  the  setts, 
to  prevent  them,  when  rammed  down  for  forming  an  even  surface,  from 
injuring  the  surface  of  the  concrete,  and  to  render  the  traffic  over  the 
setts  less  noisy.  When  a  consolidated  macadamized  layer,  or  an  old 
pitched-stone  foundation  reaches  very  nearly  the  level  of  the  foundation 
surface  of  the  road  to  be  paved,  bituminous  concrete  is  used  vtith 
advantage,  as,  unlike  cement  concrete,  it  is  not  liable  to  crack  when 
ver)'  thin. 

Joints  of  Stone  Setts. — The  setts  are  laid  across  the  street  io 
l)arallel  rows  as  close  together  as  practicable,  with  about  three  longitudinal 
rows  on  each  side  along  the  curb  of  the  footway,  forming  the  gutters  lead- 
ing the  water  to  the  gullies  placed  at  suitable  intervals ;  and  the  joints 
between  the  setts  are  filled  up  ynih  sand,  gravel,  lime,  cement  grout  widi 
gravel,  or  pitch  with  gravel.  Sand  and  gravel  fill  up  die  joints 
et^eciually ;  but  they  admit  of  the  percolation  of  water  down  to  the 
foundation,  which,  if  consisting  partially  of  the  ordinary  soil,  may  be 
thereby  disintegrated;  and  they  also  absorb  impurities  off  the  road. 
Grouting  the  sand  or  gravel  in  the  joints  with  lime  or  cement  may 
provide  :i  f;iirly  impermeable  roadway;  but  its  imperviousness  is  liable 
to  be  impaired  by  the  traffic  being  turned  on  to  it  before  the  grout  has 
had  time  to  set,  or  by  any  movement  of  the  setts  under  the  shocks  of 
I  lie  tniftic :  and  settlement  may  result  from  the  infiltration  of  water, 
unless  there  is  a  foundation  of  concrete.  Pitch,  liquefied  by  boiling  with 
creosote  oil.  jxjured  into  the  joints,  completely  fills  the  interstices 
between  the  gravel,  and  forms  an  elastic,  impervious  joint,  not  liable 
to  craek,  like  grout,  from  the  vibration  of  the  traffic;  and,  consequently, 
this  as]^lultie  kind  of  joint  serves  to  form  the  most  impervious  and 
durable  paved  roadway. 

Cost  of  Stone  Paving. — The  cost  of  laying  down  any  form  of 
paving  necessarily  varies  with  the  nature  of  the  foundation,  and  the 
iliiality  o(  the  material  used;  but  with  granite  setts  laid  upon  a  concrete 
touiiilation,  the  cost  in  some  of  the  principal  cities  of  the  United  States, 
Ml  I'oronto,  ami  London,  apjXMrs  to  have  amounted,  on  the  average, 
lo  beiwien  i4.»-.  41/.  and  i8.c,  9*/.  per  square  yard.^ 

Merits  and  Defects  of  Stone  for  Pavements.— Stone  paving, 
well  laid  with  hard  setts  on  a  solid  foundation,  wears  very  slowly  axid 
uiuloinily  uiuler  very  heavy  traffic,  and  is  therefore  an  economical 
pa\  iMuent.     Moreover,  when  jointed  with  pitch  on  a  concrete  foundation, 

'  ••  Highway  Construction,"  A.  T.  Byrne,  New  York,  p.  72. 
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stone  paving  is  impervious   and  clean ;  whilst  with  thin  setts,  it  is 

soitable  for  gradients  up  to  about  i  in  16.    All  pavements  suffer  from 

frequent  partial  disturbances,  for  getting  at  gas  and  water  pipes,  and 

imderground  tubes  used  for  various  other  purposes,  as  well  as  occasional 

int^erences  for  the  repair  or  enlargement  of  sewers  ;  and  stone  paving 

presents  less  impediments  to  the  repairs  thereby  necessitated,  than 

•ome  other  pavements.     Subways  for  the  pipes  and  tubes  under  the 

streets,  would  obviate  these  inconveniences ;  but  their  cost  has  hitherto 

prevented  their  general  adoption. 

The  chief  objections  to  stone  paving  are  its  noise,  its  resistance  to 
traction,  its  hardness  and  roughness  for  quiet  and  light  traffic,  its 
slipperiness  if  formed  with  wide  setts  of  hard  stone,  and  its  want  of 
cleanliness  if  laid  with  permeable  joints  on  a  soft  foundation. 


Wood  Paving. 

DixneiudonB  and  Laying  of  Wood  Blocks. — A  concrete 
foondation,  which  is  desirable  with  stone  setts,  becomes  essential  when 
the  paving  is  formed  with  wood  blocks ;  for  the  wood  blocks  are  soon 
destroyed  by  the  puddles  and  jolts  resisting  from  irregular  settlement. 
The  ordinary  dimensions  for  wood  blodcs,  laid  with  their  fibres 
vertical,  are  9  inches  in  length,  6  inches  in  depth,  and  3  inches  in 
width;  though  occasionally  they  differ  from  these  by  an  inch  more 
OT  less  in  length  and  depth.  They  are  laid  on  the  concrete  founda- 
tion, about  6  inches  thick,  finished  off  to  the  proper  profile  of  the 
street,  in  rows  at  right  angles  to  the  traffic;  and  this  arrangement 
is  preserved  for  vehicles  tiuning  at  the  intersection  of  streets,  by 
laying  some  of  the  rows,  on  each  side  of  the  turning,  diagonally  in 
opposite  directions,  or  in  some  instances  at  cross  streets,  by  laying 
the  whole  of  the  central  portion  common  to  the  two  roads,  diagonally 
at  right  angles  to  the  turn  round  each  of  the  four  comers.  Two  or 
three  rows  of  wood  blocks  are  laid  longitudinally  alongside  the  curb  on 
each  side,  to  form  a  gutter.  A  space  has  also  to  be  left  at  each  side,  of 
between  i  and  2  inches  in  width,  to  allow  for  the  expansion  of  the 
blocks,  after  being  laid  down,  from  their  absorption  of  moisture,  which 
is  greatest  with  soft,  dry  woods,  amoimting  in  extreme  cases  to  li  inches 
in  8  feet,  and  small  in  the  case  of  Australian  hard  woods  and  creosoted 
pine.  The  open  joint  thus  left  must  be  filled  up  with  sand  or  clay, 
which  is  gradually  raked  out  as  the  expansion  progresses,  till  it  reaches 
its  limit  in  a  year  or  two,  when  Ithe  remaining  space  should  be  filled 
up  permanently  hke  the  other  joints. 

Joints  of  Wood  Blocks. — In  laying  the  rows,  the  requisite 
intervals  for  the  intervening  joints  are  secured  by  inserting  thin  wooden 
laths  between  the  rows,  or  by  driving  small  projecting  studs  into  the 
side  of  each  block,  so  as  to  keep  them  sufficiently  apart.  The  joints 
are  filled  with  Portland  cement  grout,  or  with  pitch ;  and  as  it  has  been 
found  that  the  wide  joints  of  |  to  i  inch  formerly  adopted,  are  not 
needed  for  providing  adequate  foothold,  the  cement-grout  joints  are  now 
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Cost  of  Wood  Paving. — Tr.e  -  :>:  :f  laying  wood  pa\'ing  with 
a  f. oncrett  fjundarion.  in  scvera'.  s:rev>  ::':  London,  has  ranged  from 
I  OS.  6c/.  up  to  iSj.  per  sjuarc  yarc  :  whi.s:  wood  paving,  var}*ing  in 
quality  and  with  dintrrent  foundati-'riS.  in  various  cities  in  the  United 
States,  lias  cost  from  4^.  up  to  153.  per  si:iiarc  yard  ;-  and  in  Toronto, 
the  rost  has  varied  from  45.  "r/.  per  square  yard  for  wood  blocks  on  a 
gravul  foundation,  uj)  to  iis,  for  tamarack  on  a  concrete  foundation. 

Advantages  of  Hard  Woods  for  Paving. — Experiments  with 
various  kinds  of  woods  in  the  streets  of  Svdnev,  have  demonstrated  the 
very  superior  durability  of  some  of  the  hard  woods  of  Australia,  especially 
tallow  wood,  spotted,  blue,  and  red  ^^uni,  and  black  butt,  some  of 
tiir  blocks  laid  down  having  shown  a  maximum  wear  of  only  -5^  inch, 

'  l^oceeiiings  Inst.  C.E.,  vol.  Ixxviii.  p.  280. 
'  *•  Ilij^hway  Consiruclion,"  A.  T.  Byrne,  p.  93. 
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sustaining  for  eight  years  a  daily  traffic  of  about  750  tons  per  yard 
Ith.*  The  life  of  this  bard-wood  paving,  if  properly  laid  on  a  good 
ation,  has  been  estimated  at  a  minimum  of  twenty-one  years.  The 
r  slipperiness  of  this  dense  wood  may  necessitate  making  the 
not  less  than  i  to  f  inch  in  width ;  and  tiie  greater  noise  observed 
le  cases  with  these  hard  woods,  could  be  easily  remedied  by  a  cushion 
tid  on  the  concrete  foundation.  These  dense  woods,  however, 
>t  nearly  so  subject  to  expansion  by  absorption  of  moisture  as  soft 
s  ;  and  their  density  is  also  valuable  in  preventing  their  absorbing 
ities  from  the  surface  of  the  streets.  The  cost  of  the  hard  woods 
long  time  prevented  their  adoption  for  pavements  in  Europe,  but 
are  now  being  gradually  introduced;  and  their  freedom  from 
ption,  and  their  long  hfe,  should  lead  to  their  extensive 
yyment  in  laige  towns. 

(ieritB  and  Defects  of  Wood  for  Pavements. — The  great 
of  wood  is  that  it  is  the  least  noisy  of  all  pavements ;  whilst  it 
wovides  a  fairly  good  foothold  for  the  horses,  is  very  suitable  and 
ant  for  quick  and  light  traffic,  and  has  a  neat  appearance.  Wood 
Dt,  however,  be  used  for  gradients  of  over  iin25toiin2o;  and 
ofter  woods,  when  uncreosoted,  absorb  impurities  and  are  not  easily 
ised.  Moreover,  soft-wood  paving  is  liable  to  wear  unevenly, 
ing  hollows  in  which  water  collects,  hastening  the  decay  and 
ng  to  the  rapid  wear  of  the  adjacent  blocks  by  the  jolts  of  the 
ng  vehicles,  necessitating  costly  repairs ;  whilst  its  comparatively 
:  life  involves  complete  renewal  about  every  seven  years,  with  the 
mpanying  stoppage  of  the  traffic.  Most  of  these  objections, 
2ver,  can  be  greatly  mitigated  by  the  use  of  hard  woods,  at  an 
^ased  initial  cost.  A  wood  pavement  is  not  well  adapted  for  repairs 
ssitated  by  disturbances  for  getting  at  pipes,  or  by  unequal  wear, 
it  is  difficult  to  make  the  surface  of  the  new  work  uniform  with 
old. 

Brick  Paving. 

Employment  of  Bricks  for  Pavements. — Bricks  have  been 
i  to  a  very  limited  extent  in  Great  Britain  for  paving  streets ;  but 
k  pavements  have  been  long  and  extensively  used  in  Holland, 
re  stone  of  any  kind  has  to  be  brought  from  a  great  distance ;  and  they 
I  also  been  laid  down  within  the  last  quarter  of  a  century  in  several 
s  in  the  United  States.  Bricks  have  been  laid  on  foundations  ot 
1  or  gravel ;  but  to  ensure  their  durability  under  heavy  traffic,  it  is 
t  important,  as  in  other  forms  of  paving,  that  they  should  be  laid  on 
lid  bed  of  concrete,  and  their  joints  filled  with  cement  grout  or  pitch. 
Qualities  of  Bricks  for  Paving. — Bricks  for  paving,  generally 
le  of  about  the  size  of  ordinary  building  bricks,  should  be  hard,  tough, 
non-porous.  Bricks  which  absorb  water  are  softer  than  close  bricks, 
are  disintegrated  by  frost ;  whilst  vitrified  bricks,  which  have  been 

*  Proceedings  Inst.  C.E.j  vol.  xciii.  p.  368 ;  and  vol.  cxvi.  p.  265. 
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frc(iuc;ntly  used  in  the  United  States,  though  hard,  are  liable  to  be 
slippery  and  to  crack.  The  bricks  are  laid  on  edge  in  rows  at  right 
angles  to  the  line  of  traffic,  as  in  the  case  of  granite  setts  and  wood 
blocks.  The  quality  of  the  bricks  necessarily  depends  on  the  nature  of 
the  clay  obtainable  in  the  district;  and  the  adoption  of  a  brick 
pavement  must  be  in  great  measure  regulated  by  this  consideration. 
Good  brick  pavements  have  lasted  for  long  periods  in  Holland,  where 
the  absence  of  stone  and  the  dampness  of  'the  country  render  tbem 
specially  suitable ;  whilst  vitrified  and  other  kinds  of  bricks  have  proved 
durable  in  America,  where  in  the  prairie  regions,  the  scarcity  of  stone  and 
timber,  and  the  cost  of  asphalt  render  brici  the  only  available  paving. 

Cost,  Merits,  and  Defects  of  drick  Paving. — ^The  cost  of 
brick  leaving  in  the  United  States  appears,  on  the  average,  to  approxi- 
mate to  that  of  wood,  ranging  between  4^.  2d,  and  i  is,  8//.  per  square 
yard  with  various  foundations ;  ^  whilst  the  life  of  good  brick  paving  is 
much  longer  than  that  of  wood  paving.  Brick  paving  is  liable  to  wear 
unevenly,  unless  the  bricks  are  very  carefully  selected,  owing  to 
differences  in  their  hardness  ;  and  it  is  less  durable  than  granite  paving 
and  is  less  easily  repaired ;  but,  on  the  other  hand,  it  is  cheaper,  less 
noisy,  more  easily  cleaned,  offers  less  resistance  to  traction,  afifoids 
a  better  foothold  for  horses,  and  is  smoother  for  vehicles  than  stone 
I)aving. 


Asphalt  Paving. 

Composition  of  Asphalt. — Various  compositions  mixed  ^tb 
l)itch,  and  sometimes  the  pitch  poured  between  the  joints  of  paving 
blocks,  have  been  called  asphalt ;  but  the  true  asphalt,  employed  for 
ixiviiig  carriage-ways  in  Europe,  is  a  natural  bituminous  limestone  com- 
posed of  carbonate  of  lime  impregnated  with  bitumen,  the  proportion  of 
which  should  lie  between  7  and  1 2  per  cent,  for  the  asphalt  to  be  suitable 
for  paving,  since  with  too  little  bitumen  the  asphalt  is  liable  to  crack,  and 
with  too  much  it  becomes  soft  under  the  sun's  heat     The  quarries  from 
which   the  best  asphalt  for  paving  is  obtained,  are  situated  in  the 
Val   de  Travers  in  Switzerland,  Seyssel  in  France,  and  Limmer  in 
Hanover.      Mastic  asphalt  is  made  by  heating  natural  asphalt  with 
7  lo  8  per  cent,  of  pure  bitumen,  to  a  temperature  of  between  390®  and 
480°,  causing  it  to  melt.    It  is  then  formed  into  round,  flat  blocks,  about 
I  foot  in  diameter  and  4  inches  thick,  in  which  form  it  is  conveyed  to  its 
destination  ;  and  it  has  to  be  remelted  with  bitumen  in  order  to  use  it* 

An  artificial  as])halt  is  used  in  America,  owing  to  the  cost  of  carriage 
of  the  natural  asphalt,  which  consists  of  bitumen  obtained  from  deposits 
at  Lake  Brea  in  Trinidad,  mixed  with  sand  and  some  pulverized  lime- 
stone, in  the  proportions  of  12  to  15  per  cent,  of  bitumen,  83  to  70  per 
cent,  of  sand,  and  5  to  15  per  cent,  of  pulverized  carbonate  of  lime. 

*  "  Highway  Construction,"  A.  T.  Byrne,  p.  153. 

*  Proceedinss  Inst,  CM,^  vol.  xliii.  p.  290. 
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lie  bitumen,  after  the  removal  of  the  earthy  matter  contained  in  the 
rode  deposit,  is  heated  with  a  heavy  paraffin  oil,  which  gives  it  great 
enacity,  and  converts  it  into  a  strongly  cementing  substance,  which 
»inds  the  artificial  mixture  into  a  solid  mass.  This  Trinidad  asphalt 
8  less  slippery  than  natural  compressed  asphalt,  owing  to  the  large 
proportion  of  sand  in  its  composition ;  but  this  relative  roughness  must 
ilso  render  it  more  subject  to  wear. 

Lasring  Asphalt  Paving. — As  the  layer  of  asphalt  forming  the 

paving  surface  is  not  more  than  2  to  3^  inches  thick,  it  is  of  the  utmost 

importance  for  its  maintenance  that  it  should  rest  upon  a  thoroughly 

solid  foundation,  not  subject  to  settlement  imder  the  traffic;  and, 

consequently,  a  sound  concrete  foundation,  from  6  to  9  inches  thick, 

is  essential  for  an  asphalt  paving.    Compressed  asphalt,  formed  with 

the  powder  of  the  natural  rock  pulverized  in  a  disintegrator,  is  now 

always  used  in  Europe  for  the  paving  of  streets,  as  more  easily  laid 

down,  and  more  uniform  in  quality  than  mastic  asphalt,  which   is 

reserved  for  footpaths.     The  asphalt  powder  is  heated  to  about  260**, 

and  is  then  spread  on  the  thoroughly  set  and  dry  concrete  foundation, 

in  a  layer  about  3  inches  thick,  which  is  compressed  into  a  compact 

mass,  2  inches  thick,  by  ramming  it  with  heated  iron  punners  and 

rolling. »     The  surface  is  lightly  sprinkled  over  with  sand  before  the 

admission   of  the  traffic,  only  a  few  hours  after  the  completion  of 

the  work.     It  is  very  important  that  there  should  be  no  moisture  on 

the  surface  of  the  concrete  when  the  asphalt  is  laid  on,  for  the  heated 

powder  converts  the  water  into  steam,  which  in  escaping  forms  cracks 

in  the  asphalt. 

The  asphalt  made  with  the  aid  of  Trinidad  bitumen  is  laid  on  in  two 
coats :  the  first,  or  cushion  coat,  being  mixed  with  rather  more  bitumen 
than  the  surface  coat,  and  laid  on  hot,  and  consolidated  by  a  roller  to 
a  thickness  of  half  an  inch;  and  then  the  surface  coat,  having  the 
proportions  given  above,  is  spread  on  the  first  coat  to  a  sufficient  thick- 
ness to  form  with  the  first  coat,  when  consolidated,  a  layer  from  2  to 
i\  inches  thick. 

Coat  of  Asphalt  Paving. — As  the  sources  of  asphalt  suitable  for 
street-paving  are  very  limited,  the  cost  of  paving  with  it  varies  with  the 
listance  of  the  locality  from  the  nearest  source  of  supply ;  and  the 
lature,  thickness,  and  facility  of  supply  of  the  materials  of  the  concrete 
oundation,  also  materially  affect  the  cost.  The  cost  per  square  yard 
)f  asphalt  paving  in  the  principal  cities  in  the  United  States,  varies 
)etween  10s,  5^.  and  18^.  9^.,  though  the  average  is  less  than  12s.  6d.y 
fhich  is  the  average  cost  at  Toronto ;  ^  whilst  at  Montreal,  it  ranges 
»etween  14^.  3^.  and  16^.  6^.,  and  has  been  estimated  at  from  i^s,  7^. 
3  i8j.  gd,  in  London,  16s,  Sd.  to  17^.  11^.  in  Paris,  and  as  averaging 
4j.  jd.  in  Berlin. 

Merits  and  Defects  of  Asphalt  Paving. — A  paving  of  com- 
iressed  asphalt,  laid  upon  a  good  foundation,  furnishes  a  very  smooth,. 

*  **  The  Construction  of  Carriage-waj-s  and  Footways,"  H.  P.  Boulnois,  p.  69. 

•  "Highway  Construction,"  A.  T.  Byrne,  p.  114. 
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tiMn^  ro^way,  (|uite  itn|)erviou8,  very  readily  cleaned  by  natenngs  and 
reiiflircd  wittM>ut  'AXi'i  diOiculty.  Next  to  granite,  it  is  the  most  dmable 
lAvt;iiw:iu,  iu  Wear  being  very  slight  under  the  heaviest  traffic,  and  also 
mnUmxi,  Morc^iver,  except  for  the  clatter  of  the  horses*  feet  oo  ils 
iuird  burfai.Cf  it  would  be  almost  noiseless.  These  qualities,  in  any 
cji}n\\ii».t\um  o(  the;  relative  merits  of  the  chief  paving  materials,  give  it 
ai)  ap[/ar(rnily  very  iriarked  sui>criority  over  the  other  pavements.  It 
lab^>urs>,  however,  under  two  very  serious  defects,  namely,  great  slippeii- 
netM  in  dump  wt^ather,  when  coated  with  a  greasy  film  of  mud  bxoc^ 
on  ii  by  tlu:  irafHc  from  macadamized  streets,  and  an  absence  of  proper 
f<(>otliold,  which,  tliough  comparatively  immaterial  on  level  streets, 
tn/Liki^A  Un  starting  and  pulling  up  abruptly,  owing  to  the  ease  of 
ira4:Uon,  rc^ndcrv  it  ((uitc  unsuitable  for  gradients  exceeding  i  in  60 
to  i  in  50  a:>  like  cxtrcMiic  limit.  1'he  first  defect  is  most  felt  in  moist 
rlimattrti  like  tluit  of  Clreat  Britain,  and  can  be  to  a  great  extent 
mitigated  by  anijile  watering  directly  it  becomes  damp ;  but  the  second 
defei  1  probibitK  itn  use  on  Hteep  gradients. 


Conclusions  about  Street-paving. 

J'or  country  roads  and  streets  in  the  outskirts  of  towns,  tn^r^^am 
providi'b  the  only  adr({uately  economical  coating  for  supporting  the  wear 
and  tear  of  (he  (raltii^  In  the  back  streets  of  large  towns,  where  the 
trattic  ii)  rouipaiaiively  small,  but  an  imiHirvious  pavement  is  expedient 
on  hanitary  groiintlh,  an  artificial  ;u»phalt  paving  may  be  formed  by 
pouiing  pitch  over  a  layer  of  road-metal,  so  as  to  fill  up  the  interstices; 
and  then  a  thin  layer  of  .siualler  stimes  and  chippings  is  spread  on  the 
lop  and  rolled,  whit  li,  becoming  incorporated  with  the  pitch  forced  up 
Irom  In-low  by  tht:  |irch.siiie  of  the  roller,  completes  the  filling  of  the 
b|>act^b  hiawet-n  tile  larger  stones,  and  forms  a  solid,  uniform  surface 
which  boon  bet oint-h  hard,  and,  being  smooth  and  impervious,  is  readily 
cleansed. 

In  tlui  main  thoroughlares  and  central  portions  of  cities  and  large 
townb,  the  largtt  trattic,  the  desire  for  comfort  of  the  richer  inhabitants, 
and  the  want  of  sun  and  air  in  narrow,  crowded  streets,  prohibit  the  use 
of  macadam  ;  and  tiie  choice  generally  lies  between  stone  paving,  wood, 
or  asphalt.  None  ol  these  pavements  can  be  regarded  as  perfect 
Stone  should  be  lin-ferred  where  the  tratVic  is  exceptionally  heavy,  the 
gra(iiciUs  stecj)  in  places,  anil  the  noise  of  little  importance — as,  for 
instance,  alongside  docks,  in  streets  lined  with  warehouses,  and  at  goods 
tilatioiis.  Asphalt  nuiy  advantageously  be  substituted  for  stone  in  the 
business  portions  of  cities  and  towns,  where  the  reduction  of  the  noise 
«if  a  laig«-  tratlic  is  an  inestimable  boon  to  the  busy  occupants  of  offices, 
and  the  cor»t  of  the  paving  is  of  C(miparatively  little  moment  owing  to 
thc^  high  ratable  value  of  the  adjacent  property,  provided  always  that 
the  gradients  are  very  moderate.  The  slippcriness,  moreover,  of 
asphalt  beiromes  of  less  consequence  where  the  congested  traffic  is 
necessarily  somewliat  slow,  and  where  there  is  no  need  to  economize 
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water  for  cleansing  the  streets.  The  imperviousness  also,  rapidity 
Ji  drying,  and  cleanliness  of  asphalt  render  it  specially  suitable  for  the 
Mirow,  ill-ventilated  streets  and  courts  of  an  overcrowded  poor  district. 
iVood  is  best  adapted  for  the  richer  residential  quarters  of  a  town,  where 
]met  and  quickness  of  transit  are  of  primary  importance,  where  the 
raffic  is  moderate,  and  where  the  width  of  the  streets,  and  the  airiness 
lod  good  sanitary  conditions  of  the  houses,  minimize  any  deficiency  in 
alubrity  arising  from  the  absorptive  qualities  of  soft  woods ;  whilst  this 
)bjection  could  be  almost  entirely  obviated  by  using  creosoted  soft 
roods,  or  the  hard,  close-grained  Australian  woods.  Brick  blocks  may 
)e  employed  instead  of  stone  setts  where  stone  of  suitable  quality  is 
lifficult  to  procure,  provided  suitable  clay  can  be  obtained  in  the 
leighbourhood  for  manufacturing  bricks  of  adequate  and  imiform  hard- 
ness without  being  slippery.  The  change  from  one  kind  of  pavement 
Q  another,  such  as  sometimes  occurs  twice  in  a  single  street  in  London, 
s  unquestionably  trying  to  horses,  and  increases  their  tendency  to  fall 
30  a  slippery  pavement.  In  the  event  of  motorcars  superseding  to  any 
arge  extent  traction  by  horses,  the  reduction  in  the  number  of  horses 
laversing  the  streets  would  correspondingly  diminish  the  objections  to 
Tood  and  asphalt  pavements. 

Stone  setts  still  form  the  principal  paving  in  the  busiest  thoroughfares 
)f  London;  but  asphalt  has  been  introduced  in  some  of  the  main  centres 
)f  business  in  the  city  and  elsewhere,  and  in  some  narrow  streets ;  whilst 
rood  has  been  chiefly  adopted  for  paving  in  the  West  End,  and  in  the 
Principal  streets  of  the  shopping  and  residential  portions  of  the  metro- 
)olis.  In  Liverpool,  the  very  heavy  goods  traffic,  and  the  gradients  of 
be  streets  rising  from  the  river,  have  naturally  rendered  stone  paving 
he  most  suitable  for  the  main  streets.  Granite  setts  constitute  the  main 
saving  of  New  York ;  but  of  late  years  asphalt  paving  has  been  largely 
extended ;  and  the  present  policy  is  to  adopt  asphalt  for  streets  which 
ire  likely  to  become  main  thoroughfares,  and  in  the  poorer  and  more 
iensely  populated  portions  of  the  city.^  Wood,  on  the  contrary,  which 
s  so  often  used  for  paving  in  the  western  cities  of  America,  where 
iiaber  is  abundant,  and  which  has  been  extensively  employed  for  paving 
n  Chicago,  Detroit,  and  Toronto,  for  instance,  finds  no  favour  in  New 
^ork.  Asphalt  is  the  ordinary  paving  for  the  best  quarters  of  Paris ;  and 
t  also  is  the  principal  form  of  paving  in  Berlin,  Vienna,  and  other  cities 
in  the  Continent,  where  the  climatic  conditions  are  more  favourable 
iian  in  England.  Asphalt  paving,  moreover,  constitutes  an  important 
X)rtion  of  the  paving  of  other  American  cities  besides  New  York — as, 
or  instance,  BuiSfalo  and  Washington ;  whilst  it  has  been  introduced  into 
several  other  cities — such,  for  example,  as  Philadelphia  and  Brooklyn,  in 
*hidi  cobble-stone  pavements  have  largely  predominated.  Brick  paving 
appears  to  have  been  gradually  introduced  to  a  limited  extent  in  several 
^erican  cities  within  the  last  quarter  of  a  century  ;  but  its  widest 
application  is  found  in  Amsterdam,  Rotterdam,  the  Hague,  and  other 
Places  in  Holland,  where  long  ago  bricks  were  first  used  for  paving. 

'  '*Rqx>rts  of  Department  of  Public  Works,  City  of  New  York,  June,  1895," 
*•  32,  and  map. 
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Footpaths. 

FootpQths  should  alwa^-s  be  given  a  little  fall  towards  the  water-tabl< 
or  gutter  at  the  side  of  the  road«  to  carry  off  the  rainfall,  the  amount  o 
fall  dependii^  on  the  nature  of  the  sur£sice  of  the  f>ath,  ^  of  an  inch  in 
a  foot  being  sufficient  for  concrete  or  asphalt,  \  inch  for  flagstones  (H 
bricks,  and  somewhat  more  for  gravel  or  sand,  which  also  is  best 
obtained  by  raising  the  footpath  in  the  centre,  llie  width  of  footpaths 
should  be  regulated  according  to  the  amount  of  traffic,  so  far  as  the 
width  alloned  to  the  street  admits. 

Coimtary  FootpaihB. — In  country  districts,  footpaths  are  generally 
made  with  gravel  or  sand  on  the  top,  and  coarser  material  imderoeath; 
and  sometimes  the  surface  is  formed  with  stone  chips,  or  with  cinders. 
Through  villages  and  near  stations,  tarred  paving  is  often  adopted ;  an<3 
the  footpath  is  protected  by  a  stone  curb  on  the  outside. 

Town  FootpaihB. — In  towns,  good  footpaths  become  a  necessity 
and  have  to  sustain  a  considerable  wear  in  crowded  streets.  Th« 
paving  is  formed  of  flagstones,  concrete,  compressed  asphalt,  inasti« 
asphalt,  bituminous  concrete,  or  brick,  laid  upon  a  solid  foundatior 
Occasionally  granite  slabs,  skiie,  or  planks  are  employed ;  but  they  d' 
not  form  satiisfactor}'  pavements,  for  the  granite  wears  too  smooth  i 
time :  slate  also  becomes  slippery :  and  planks,  though  cheap  wher 
timber  is  abundant,  soon  become  irr^^r  and  decay.  Flagstone 
from  2^  to  3  inches  thick,  laid  i^ith  mortar,  form  a  good  paving,  pr< 
vided  they  are  solidly  bedded,  and  if  they  do  not  laminate  with  moistus 
or  frost,  or  wear  imevenly,  leading  to  the  formation  of  puddles.  Coi 
Crete  made  with  Portland  cement  affords  a  good,  durable  pavement ;  bi. 
it  must  be  laid  liiith  joints  about  6  feet  apart,  or  in  slabs,  as  changes  c 
teniix^rature  produce  unsightly  cracks  across  a  long  continuous  layer  c 
concrete.  Compressed  asphalt,  not  less  than  i  inch  thick,  laid  on 
concrete  foundation,  provides  an  impervious,  very  durable  footpatb 
and  mastic  asphalt,  heated  with  bitumen  and  mixed  with  sand,  fiimishe 
a  good  economical  footpath.  Concrete  also  can  be  used  for  footpaths 
in  which  bitumen  serves  as  the  cementing  material ;  but  if  pitch  is  use- 
in  place  of  bitumen,  the  paving  becomes  soft  and  sticky  in  hot  weathe: 
and  is  not  durable  under  a  heavy  traffic.  The  advantages  of  thes 
asphaltic  pavements  are  that  they  are  impervious  and  devoid  of  joint! 
and  yet,  owing  to  their  elasticity,  they  are  not  liable  to  become  cracke« 
under  changes  of  temperature  like  continuous  concrete  pavement: 
Bricks  roughened  on  the  surface  with  a  chequered  pattern,  if  hard  an< 
uniform  in  quality,  form  a  convenient,  durable  paving;  but  th- 
number  of  their  joints,  and  their  tendency  to  wear  unevenly,  rende 
them  generally  a  less  good  paving  than  the  other  kinds  described 
though  in  some  localities  economical  considerations  may  necessitat 
their  employment. 

Strong  well-bedded  stone  curbs  are  always  laid  along  the  outer  edg* 
of  the  footpaths  through  towns;  and  they  should  be  not  less  thai 
3  feet  in  length,  and  should  be  raised  3  inches  at  least  above  tb 
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point  of  the  gutter,  so  as  to  effectually  secure  the  footpaths  from 
irsions  of  vehicles,  and  not  more  than  about  7  inches  above 
»t  part  of  the  gutter,  to  avoid  too  deep  a  step  for  pedestrians 
the  road.  The  curbs,  moreover,  should  have  a  minimum 
f  9  to  12  inches,  so  as  to  extend  well  below  the  gutter,  and 
s  not  be  liable  to  tip  over  at  the  top  towards  the  road.  The 
th  of  the  curbing,  which  should  not  be  less  than  4  inches,  is 
ncreased  in  proportion  to  the  width  or  importance  of  the  street, 
heaviness  of  the  traffic,  up  to  between  8  inches  and  i  foot ; 
be  principal  thoroughfares  of  large  towTis,  it  is  made  of  granite 
very  haixl  stone,  to  withstand  the  shocks  to  which  it  is  subject. 
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RAILWAY.    BRIDGE,    AND    TUNNEL 
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CHAPTER  VII. 
^^ING  OUT  AND  FORMATION  OP  RAILWAYS 

Contrast  between  roads  and  railways— Preliminary  considerations  for 
»  rail>v^ys — Surveys  and .  trial  levels  ;  use  of  maps,  theodolite,  levelling, 
J^^njiaissance  m  new  country,  levels  with  barometer,  advantages  of 
y  tacti^^jjjgjgj.  in  rough  country — Ruling  gradient :  importance,  examples 
^  ^^iiit  of  curvature  :  object  of  curves,  examples,  methods  of  denoting 
'  curves— Compensation  of  gradients  for  curvature — Switchbacks  :  descrip- 
^  ^^^y  instances,  disadvantages — Laying  out  a  railway — Setting  out  a 
s  ^">vay,  setting  out  curves  with  theodolite,  tangential  angle — Adjustment 
i  ^  ^^Tthwork  in  cuttings  and  embankments,  for  crossing  roads,  limits  of 
r^Ptbi  and  height— Side  cuttings  for  embankments  ;  across  low  ground, 
P  .^'de-lying  ground — Formation  width,  and  side  slopes  :  instances — 
v-alc\aiation  of  earthwork :  by  tables,  example,  extension  of  tables, 
^Work  not  indicated  on  longitudinal  section,  cutting  partly  in  rock — 
■^^^cing,  varieties — Provisions  against  slips  in  cuttings  and  embank- 
"^^nts ;  ordinary,  causes  of  slips  m  cuttings,  drainage  and  protection  of 
^'^pes ;  causes  of  slips  in  embankments,  methods  of  prevention — Remarks 
^^  laying  out  railways — Culverts  :  object,  forms,  construction. 

f^^LWAvs  differ  from  roads  in  providing  a  track  for  locomotion  offering 

^  fesistance  to  traction  than  the  smoothest  roadway,  by  means  of 

^^ted  rails;    in   following  a   more   direct  course,   at  the   expense 

^^  heavy  cuttings  and    embankments;    and   in   resorting    to    easier 

^ients  than   roads,   with   the   object   of    facilitating    rapid  transit. 

^^ays,  accordingly,  necessitate  much  more  numerous  and  extensive 

?^^eering  works  than  roads,  such  as  cuttings,  embankments,  culverts, 

"'^^Jges,  viaducts,  and  tunnels,  which,  whilst  constituting  comparatively 

Ordinary  works  in   railway   construction,   are,  with   the   exception   of 

J'uverts  and   bridges,  especially  across   rivers,  rarely   resorted   to   in 

'orming  roads,  which   follow  the  surface  of  the  ground  as  nearly  as 

f^^cticable,  and  adopt  a  devious  course  to  secure  easy  gradients  for  the 

•^in  routes  of  traffic. 

Preliminary  ConBiderations. — The  population  and  the  probable 
^^c  in  the  district  to  be  served  by  a  railway,  as  well  as  the  nature  of 
^^  country  to  be  traversed,  are  important  factors  in  determining  the 
^  of  railway  that  should  be  constructed.  A  railway  that  has  to  be 
^?^ned  through  a  populous  district,  and  connects  important  towns 
^ted  at  a  moderate  distance  apart,  should  be  constructed  in  a  solid, 
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durable  manner,  with  as  easy  gradients  as  reasonably  practicable,  and 
more  with  a  view  of  providing  for  rapid  transit  and  economical  woiking 
than  of  keeping  down  the  capital  cost.  In  laying  out  the  line,  the 
accommodation  of  intervening  towns  or  villages  should  be  anangcd 
for,  j)rovided  no  very  material  increase  in  the  distance  between  the 
termini  is  thereby  involved,  such  as  might  lead  to  the  construction  of  a 
competing  line.  Where,  on  the  contrary,  the  railway  is  a  pioneer  line, 
10  be  constructed  for  developing  the  resources  of  an  unsettled  tract  of 
<  ountry  very  sparsely  inhabited,  like  the  Canadian  Pacific  Railway,  and 
the  Bulawayo  Railway,  or  for  rendering  outlying,  newly  acquired 
territories  more  secure  from  hostile  attacks,  as  well  as  for  piomotiog 
trade,  like  the  lierber,  Khartoum,  and  Uganda  railways,  the  prinoiary 
essentials  are  rapid  construction  and  a  minimum  capital  cost;  whik 
the  consolidation  of  the  line,  the  easing  of  steep  gradients,  and  the 
replacing  of  timber  trestles  by  more  permanent  structures,  must  he 
deferred  till  the  traffic  on  the  line  has  sufficiently  developed  to  justify 
further  expenditure  in  improving  the  railway.  Except  in  a  few 
backward  countries,  such  as  China,  most  of  the  long  railwa}^  of  the 
future  will  be  pioneer  or  strategical  lines,  since  the  main  lines  in  most 
of  the  settled,  po])ulous  countries  have  already  been  constructed. 

Surveys  and  Trial  Levels. — Before  deciding  on  the  exact  comse 
of  a  railway,  it  is  necessary  to  obtain  as  accurate  a  knowledge  as 
practicable  of  the  general  nature  and  levels  of  the  country  to  be 
traversed.  The  preliminary  survey,  however,  which  is  a  comparatively 
easy  task  in  an  open,  settled  country,  more  especially  where  a  general 
survey  of  the  district  has  been  previously  made,  becomes  an  arduous, 
and  even  hazardous,  undertaking  in  unexplored  regions,  where  unhealthy 
swain ps,  dense  forests,  and  rugged  mountain  gorges,  of  unknown  extoit, 
may  have  to  be  traversed,  as  in  determining  the  location  of  the  Oroya 
Kail  way  up  the  deep  gorges  and  across  the  precipitous  cafions  of  the 
Pacific  slope  of  the  Ancles,  and  in  selecting  routes  for  the  western 
railways  of  North  America,  through  the  passes  of  the  Rocky  Mountains 
and  Pacitic  rahges. 

When  a  map  to  a  fairly  large  scale,  with  contour-lines  of  uniform  heights* 
has  been  made  of  a  settled  locality,  such  as  some  of  the  6-inch  Ordnance 
maps  of  the  United  Kingdom,  it  is  possible  to  lay  down  approximately 
a  suitxible  line  on  the  map ;  and  then  a  walk  over  the  ground,  and  a  fe^ 
trial  levels  at  the  more  important  points,  suffice  to  determine  the  rout«5 
along  which  the  more  detailed  survey  should  be  made.     In  the  absence 
of  a  sufficiently  large  and   recent   survey  of  the  locality,  a  traverse 
survey  should  be  made  with  a  theodolite,  consisting  of  a  series  o» 
straight   lines   inclined  at  suitable  angles  so  as  to  follow  closely  th«^ 
general   course   of    the   proposed   railway,   of  which  the   angles  ancJ 
hearings  are  determined  by  the  theodolite,  and  the  lengths  measurecJ 
by  a  66-feet,  or  loo-feet  chain,  of  one  hundred  links.     Whilst  chaining 
along  the  lines  set  out  by  the  theodolite,  sufficient  offsets  are  measurec3> 
at  right  angles,  on  each  side  of  the  line,  to  fix  the  positions  of  houses  ^ 
fences,  and  ponds,  and  the  courses  and  widths  of  roads,  paths,  streams  ^ 
and  ditches,  in  close  proximity  to  the  proposed  line ;  so  that,  in  finally 
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laying  down  the  course  of  the  railway  on  the  plotted  survey,  inter- 
ference with  valuable  property  and  unnecessary  severance  may  be 
avoided,  and  any  requisite  diversions  of  roads  and  streams  may  be 
ananged.  Then  by  taking  levels  at  every  change  of  inclination  of  the 
ground  aloi^  the  line  followed,  and  where  roads,  streams,  and  ditches 
ire  crossed,  and  also  at  right  angles  to  the  line  at  intervals  on  side- 
ying  ground,  a  longitudinal  section  of  the  ground  can  be  plotted,  with 
tn  enlarged  vertical  scale  to  magnify  the  irr^tdarities  of  the  siuface, 
rhich  serves  as  a  guide  for  the  gradients  suitable  for  the  line,  and  also  cross 
icctions  enabling  the  change  of  level  of  the  ground  resultii^  from  a  side- 
rays  deviation  of  the  line,  on  transverse  sloping  ground,  to  be  determined. 

In  unexplored  districts  proposed  to  be  opened  up  by  a  railway, 
t  is  essential  to  make  a  preliminary  reconnaissance  in  order  to  deter- 
nine  the  best  general  course  of  the  line ;  and  where  mountain  ranges 
save  to  be  traversed,  r^;ular  explorations  have  to  be  made,  to  discover 
the  most  feasible  passes  over  which  the  line  can  be  carried.  Often  in 
ragged,  forest-clad  districts,  observations  with  a  compass  of  the  bearings, 
determinations  of  relative  heights  with  an  aneroid  barometer,  and  very 
roi^h  estimates  of  the  distances  travelled,  have  to  suffice  in  the  first 
instance ;  but,  where  feasible,  chain  measurements  and  observations  of 
tbe  slope  of  the  groimd  with  a  clinometer  should  also  be  resorted  to. 
In  determining  heights  with  an  aneroid,  serious  errors,  due  to  sudden 
cbanges  in  the  atmospheric  pressure,  may  be  avoided  to  a  great  extent 
by  keeping  a  precisely  comparable  barometer  at  the  starting-point,  the 
changes  of  which  during  the  day  are  noted,  to  serve  as  corrections  of 
the  indications  of  the  barometer  taken  with  the  surveying  party.  It  is 
also  advisable  to  restrict  these  observations,  if  possible,  to  periods  of 
still  weather ;  for  during  stormy  and  gusty  weather,  the  pressure  may 
vary  owing  to  local  conditions,  such  as  exposure  to,  or  shelter  from 
the  wind,  and  afford  misleading  indications  of  changes  in  elevation  at 
short  distances  apart 

When  the  general  direction  of  the  line  has  been  decided  by  the 
reconnaissance,  the  location  of  the  railway,  and  the  longitudinal  section 
along  the  line  selected  can  be  determined,  in  the  open  prairie,  by  a 
powerful  transit  theodolite  and  chain  measurements,  and  by  levelling 
along  the  line  as  under  ordinary  conditions ;  but  through  the  ravines 
and  over  the  rugged  passes  of  mountain  ranges,  a  tacheometer,  with  its 
additional  horizontal  hairs  in  the  eye-piece  and  special  adjustment,^ 
should  be  used,  as  it  enables  the  distances  and  levels  of  any  number 
of  points,  within  sight  and  range  of  the  powerful  telescope,  to  be 
determined  without  measurements  or  shifting  of  the  instrument.  By 
placing  the  tacheometer  in  a  succession  of  positions  commanding  a  sight 

*  Measurement  of  distances  by  a  tacheometer,  is  ba^ed  on  the  principle  that  the 
»PP*rent  height  of  an  object  varies  inversely  with  its  distance  from  the  observer  ;  and 
^80  arranging  the  interval  between  the  horizontal  hairs,  placed  at  equal  distances  on 
Qch  side  of  the  central  line,  and  the  measuring  angle  of  the  instrument,  that  the  interval 
!*ai5  tn  exact  ratio,  usually  sjj  or  •jjjg,  to  the  distance  of  the  staff  from  the  centre  of  the 
"**tnimcnt ;  then  by  observing  the  height  of  staff  comprised  between  the  hair>,  the 
actual  distance  of  the  staff  from  the  tacheometer  is  known  at  once. 


^104  PRia.nfis'ARV  survey 

or  the  course  to  be  followed,  it  is  only  necessary  for  the  staff-bearer, 
with  a  staff  marked  with  broad  divisions  which  can  be  seen  at  i 
distance,  lo  gain  access  to  the  requisite  points,  and  to  get  ob5tac]e& 
intervening  between  him  and  the  observer  cleared  away,  in  order  thai 
a  preliminary  survey  of  the  proposed  course,  with  the  level  of  each 
point,  may  be  obtained,  on  which  the  line  to  be  followed  by  the  railway 
can  be  approximately  laid  down.  In  traversing  very  rugged  country,  it 
is  frequently  desirable  to  survey  an  alternative  route  before  deciding 
definitely  on  the  course  to  be  followed.  These  preliminary  survej-s 
suffice  to  determine  the  general  course  of  the  line,  and  enable  a  rough 
estimate  to  be  made  of  its  cost ;  but  it  is  generally  expedient  to  defer 
fixing  the  exact  location  of  the  line  through  uninhabited  districts,  ull 
the  extension  of  the  railway  puts  greater  facilities  for  completing  the 
work,  within  the  reach  of  the  surveying  party  proceeding  in  advance  of 
the  completed  railway. 

RtUing  Oradient. — .^fler  completing  the  preliminary  surveys 
which  indicate  the  elevations  and  depressions  of  the  country  to  be 
traversed,  the  first  points  to  be  determined  are  the  inclination  of  the 
worst,  or  ruling,  gradient  admissible,  and  the  radius  of  the  sharpest 
curve  that  may  be  safely  introduced.  The  decision  on  these  questions 
must  largely  depend  on  the  object  and  importance  of  the  railway,  and 
the  physical  features  of  the  district.  The  main  object  kept  in  view  m 
t  selecting  a  route  for  a  railway,  is  to  avoid  high  elevations  and  abnipt 
I  changes  in  level  of  the  land.  Accordingly,  where  a  hilty  ridge  has  to 
be  surmounted,  the  point  of  minimum  elevation  is  chosen,  if  possible, 
for  the  crossing;  and  the  ascent  is  made  as  unifonn  as  practicable  by 
\  gradually  rising  up  one  of  the  valleys,  and  descending  by  the  valley  on 
the  opposite  side  of  the  ridge ;  and  these  valleys,  down  which  a  stream 
or  river  always  prasses  discharging  the  rainfall  of  the  district,  become 
narrower  and  steeper  on  approaching  the  dividing  ridge,  and  therefore 
less  favourable  for  railway  construction.  For  main  lines,  accordin^y, 
in  populous  countries,  the  steeper  gradients  or  circuitous  course  required 
in  the  upper  part  of  a  valley  to  surmount  a  mountain  pass,  are  avoided 
by  piercing  the  ridge  by  a  tunnel,  a  solution  of  the  difficulty  which  cannot 
be  resorted  to  for  pioneer  lines,  on  account  of  the  cost  and  the  time 
occupied  in  the  construction  of  a  long  tunnel.  Easy  gradients,  more- 
over, through  a  rugged  country  necessitate  heavy  cuttings  and  embank- 
ments, and  expensive  bridges  and  other  works,  rendering  the  cost 
prohibitive  in  the  case  of  railways  through  undevelojied  districts,  ts 
even  for  branch  lines  in  thinly-populated,  settled  countries  devoid  of 
minerals.  A  ruling  gradient,  consequently,  of  i  in  300,  adopted  for  the 
eaiber  main  lines  of  England,  or  even  1  in  100  (termed  a  i  per  cent 
grade  in  America),  could  not  possibly  be  adopted  in  rugged  country  fOT 
pioneer  or  branch  lines,  or  even  for  main  lines. 

The   importance  of  the  ruling  gradient  is  that  it   determines  the 

weight  which  the  locomotives  ordinarily  used  on  the  line  can  draw  up 

it,  and  consequently  the  length  of  the  train.     In  the  case,  however,  of 

^Kome  mineral  lines,  where  the  trains  descend  loaded  from  the  mines  or 

K.quarrics  in  the  hills  to  the  port  of  shipment,  and  are  drawn  up  light,  the 
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ruling  gradient  against  the  returning  empty  train  may  be  made  much 
steeper  than  against  the  loaded  train.     Thus,  for  instance,  with  waggons 
weighing  30  per  cent  of  their  total  weight  when  loaded,  the  ruling 
gradient  may  be  i  in  50  in  the  first  direction,  and  i  in  170  in  the 
other,  for  the  same  tractive  force.*    Where  a  railway  extends  over  a 
vast  tract  of  country,  like  the  Canadian  Pacific  Railway  with  a  con- 
tinuous length  between  Montreal  and  Vancouver  of  2906  miles,  and 
where,  therefore,  the  locomotives  are  changed  several  times  on  the 
journey,*  the  ruling  gradient  and  the   type  of  locomotive  employed 
may  be  modified  according  to  the  nature  of  the  country.     Thus  on  the 
Canadian  Pacific  Railway,  the  ruling  gradient  has  been  limited  to  i  in 
132  in  the  flat  wheat-growing  districts  and  undulating  prairie  west  of 
Winnipeg,  and  only  increased  to  i  in  105  in  ascending  the  Missouri 
Coteau ;  ^  whilst  in  the  mountain  division,  the  ruling  gradient  has  been 
raised  to  2*2  per  cent.,  or  i  in  45^,  with  only  one  steeper  gradient  of 
4*3  per  cent.,  or  i  in  23-^,  for  4  miles  in  descending  the  western  slope 
of  the  Kicking-Horse  Pass,  which  was  intended  when  constructed  to  be 
merely  temporary,  but  seems  likely  to  be  permanent,  at  any  rate  till  the 
traffic  shall  have  greatly  developed.     Special  heavy  locomotives,  with 
three  or  four  pairs  of  driving-wheels  coupled,  and  weighing  53  tons 
without  their  tender,  are  used  on  this  division  of  the  line ;  and  one  of 
these  locomotives,  pushing  at  the  rear  of  the  train  in  mounting  the 
steepest  gradients,  assists  the  ascent  of  the  train  consisting  of  about 
twelve  or  thirteen  long  cars.     The  ruling  gradient,  indeed,  of  the 
mountain    division    of    the   Canadian    Pacific  Railway,   crossing   the 
Rockies  and  the  Selkirks  at  altitudes  of  5296  and  4300  feet  respectively 
above  sea-level,  are,  with  the  one  exception  given  above,  by  no  means 
unusual ;  for  the  same  ruling  gradient  of  i  in  45^  has  been  adopted  on 
the  western  lines  of  the  United  States,  crossing  the  Rockies  at  higher 
eloations   and   descending   the   steep   Pacific    slope;    whilst    several 
important  railways  in  Europe,  as  w^ell  as  others  in  North  and  South 
America,   have    steeper  ruling  gradients   in   crossing   high    mountain 
ranges,  as,  for  example,  i  in  44  on  the  Brenner,  i  in  37  on  the  St. 
(iothard,  i  in  33!-  on  the  Mont  Cenis,  i  in  32-5-  on  the  Arlberg,  and 
I  in  25  on  the  Denver  and  Rio  Grande,  the  Vera  Cruz  and  Mexico, 
^  the  railways  ascending  the  Peruvian  Andes.'*     Though  a  Baldwin 
locomotive,  with  a  weight  of  about  40  tons  on  three  pairs  of  coupled 
driving-wheels,  has  been  able  to  draw  a  train  weighing  about  40  tons  up 
*n  incline  of  i  in  12,  at  a  rate  of  8f  miles  an  hour,  on  the  Cantagallo 
^way  in  Brazil,  a  gradient  of  i  in  25  may  be  regarded  as  the  practical 
I     ^imit  for  drawing  up  trains  with  locomotives  by  adhesion  alone :  and, 
<;xcept  under  specially  difficult  conditions,  a  ruling  gradient  of  about 
^  in  45  should  be  treated  as  the  proper  limit  for  ordinary  railways  in 
\    hiUy  districts. 

\  *' Railways  and  Locomotives,"  J.  Wolfe  Barry  and  F.  J.  Bramwell,  j).  19. 
'The locomotives  run  over  sections  of  about  250  miles  m  length  along  the  flallcr 
l^^ionof  the  railway,  and  about  125  miles  in  the  mountain  division. 
^  feedings  Inst,  C.E,^  vol.  Ixxvi.  p.  270. 
I  "Achievements  in  Engineering,"  I..  F.  Vernon-Harcourl,  pp.  42-49. 
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Limit  of  Ourvature. — Railways,  in  traversing  mountain  passes, 
could  not  in  places  accomplish  the  ascent,  even  with  the  steep  gradients 
mentioned  above,  without  increasing  the  length  of  the  line  at  the  worst 
places  by  a  devious  course,  consisting  in  some  parts  of  loops  or  spirals 
{Fig.  33),  as  well  as  winding  round  projecting  spurs  to  avoid  laige  ex- 
penses in  excavation  in  passing  through  narrow  gorges.  This  windii^ 
course,  and  more  particularly  these  loops  and  spirals  necessitate  shaip 
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Fig.  33.-«t  Qothard  Railway. 
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curves ;  and  the  main  object  aimed  at,  of  reducing  the  cost  of  the  woiks 
by  keeping  the  line  as  near  the  surface  of  the  ground  as  practicable,  by 
contouring  in  rising  up  the  slopes  of  the  valley,  is  best  attained  l^ 
adopting  the  sharpest  admissible  curves.  Curves  of  40  to  30  chains 
radius,  which  are  about  the  necessary  limit  for  main  lines  on  whidt 
trains  have  to  run  at  a  high  speed,  are  not  sharp  enough  for  carrying 
a  railway  through  rugged  country  at  a  reasonable  cost.  Thus  in 
Europe,  curves  of  17  chains  radius  were  resorted  to  on  the  Mont 
Cenis  Railway,  14^  chains  on  the  Brenner,  14  chains  on  the  St 
Gothard,  10  chains  on  the  Arlberg,  and  9 J  chains  on  the  Semmering;^ 
whilst  in  America,  the  Pacific  lines  of  the  United  States  have  curvet 

'  Proceedings  Inst.  C,E.^  vol.  xcv.  p.  278. 
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of  8f  chains ;  and  the  mountain  section  of  the  Canadian  Pacific  Railway 

has  a  similar  limit  of  curvature,  with  the  exception  of  a  short  curve  of 

4  chains  radius  contouring  a  spur  in  the  Wapta  valley,  on  the  western 

slopes  of  the  Rockies,  in  substitution  for  a  tunnel  through  the  spur, 

which  has  been  abandoned  owing  to  damage  from  slips.     On  the  Oroya 

Railway,  along  the  most  difficult  part  of  the  ascent  of  the  Andes,  the 

sharpest  curves  are  6  chains  in  radius;  and  on  the  railway  ascending 

from  Vera  Cruz  to  the  city  of  Mexico,  curves  of  5  chains  have  been 

resorted  to,  which  may  be  regarded  as  the  practical  limit  for  railways  of 

the  ordinary  gauge  of  4  feet  8j^  inches,  though  still  sharper  curves  have 

been  adopted  on  narrow-gauge  lines. 

In  America,  instead  of  denoting  a  curve  by  its  radius  in  feet,  or,  as 
usual  in  Great  Britain,  by  the  radius  in  chains  of  66  feet,  the  curve  is 
commonly  indicated  by  the  angle  subtended  at  the  centre  by  a  chord 
of  the  curve  100  feet  in  length.  Thus  a  curve  of  1°  is  a  circular  arc  in 
which  half  the  chord,  or  50  feet,  divided  by  the  radius  is  equal  to  sin  J**, 
giving  a  radius  of  nearly  5730  feet,  or  about  87  chains;  and  a  10°  curve 
bas  a  radius  of  573-!  feet,  or  8f  chains,  the  limit  of  curvatiu'e  on  the 
Pacific  lines  of  North  America. 

Compensation  of  Gradients  for  Ourvatore. — As  a  sharp 
curvature  necessarily  increases  the  resistance  to  traction,  a  steep 
gradient  must  be  reduced  on  a  sharp  curve,  in  order  that  a  locomotive 
may  not  experience  a  greater  difficulty  in  dragging  a  train  up  an  ascent 
foand  the  curved  portion,  than  along  the  straight  parts  of  the  line; 
o&erwise  a  heavy  train  which  could  just  be  drawn  up  the  gradient  on 
tlie  straight,  would  be  brought  to  a  standstill  on  a  curve.  The  com- 
pensation for  durature  on  the  mountain  section  of  the  Canadian  Pacific 
Railway,  has  been  effected  by  reducing  the  gradient  0*03  foot  in  100  feet 
for  each  degree  of  curvature,  or  0*3  foot  per  cent  for  a  10°  curve. ^  On 
^  prairie  section  of  the  line,  the  larger  compensation  of  0*05  foot  in 
100  feet  for  each  degree  of  curvature  was  adopted,  doubtless  owing  to 
the  increased  resistance  to  traction  produced  by  curves  where  the  speed 
^  the  trains  is  greater. 

Switchbacks. — On  some  American  lines,  the  ascent  of  the  steep 
upper  portions  of  valleys  towards  the  summit  of  a  mountain  pass,  has 
been  more  economically  effected  by  means  of  occasional  switchbacks, 
or  back  shunts,  forming  angular  zigzags,  the  train  being  drawn  up  into  a 
sort  of  siding,  from  which  it  passes  out  in  a  reverse  direction  along  another 
Kne,  making  a  very  acute  angle  to  the  line  on  which  it  reached  the 
siding,  thereby  climbing  up  a  steep  slope  without  the  intervention 
of  a  curved  loop  for  reversing  its  direction.  This  expedient  has 
^>een  extensively  used  in  the  higher  parts  of  the  Oroya  Railway,  in 
combination  with  loops  (Fig.  34,  p.  108);  and  there  is  an  instance 
of  this  arrangement  on  the  main  line  between  Bombay  and  Calcutta, 
near  the  summit  of  the  Ghats,  not  far  from  Bombay.  The  reversal  of 
direction,  however,  of  the  train  at  the  switchback,  converting  the  front 

'  These  and  other  particulars  about  the  mountain  section  of  the  C.P.R.  were  given 
•ne  at  Vancouver  by  Mr.  H.  J.  Cambie,  the  engineer  in  charge  of  that  portion  lA 

the  line. 
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of  the  train  into  the  rear,  involves  a  stoppage  for  shunting  the  loco- 
motive, unless  the  objectionable  plan  of  pushing  the  train  up  to  the 
following  switchback  is  allowed,  or  unless  the  gradients  are  so  steeps 
and  the  train  so  heavy,  as  to  lead  to  the  use  of  a  second  locomotiTe 
temporarily  in  the  rear  during  the  ascent,  an  arrangement  which  needs 

LOOPS  AND  SWITCHBACKS  ON  RAILWAYS. 
Fig.  34.— Oroya  Railway,  Peru. 


care  to  secure  the  train  against  the  possibility  of  being  telescoped,  in  the 
event  of  the  locomotives  at  the  two  ends  acting  in  opposition. 

Laying  out  a  Railway. — ^\Vhen  the  ruling  gradient  and  the  limit 
of  curvature  have  been  determined,  the  line  of  the  railway  can  be  liid 
out  more  precisely  on  the  survey,  in  accordance  with  the  indications 
furnished  by  the  levels.  In  laying  down  curves  on  the  plan,  a  piece  of 
straight  should  always  be  inserted  between  curves  turning  in  opposite 
diiections,  for  a  sudden  reversal  of  the  curvature  would  necessitate  the 
abandonment  of  the  superelevation  of  the  outer  rail  near  the  point  of 
contrary  flexure,  an  arrangement  which  greatly  adds  to  the  ease  of 
motion  and  safety  of  trains  in  running  round  sharp  curves.  In  un- 
developed countries,  considerable  latitude  can  be  allowed  in  the  final 
selection  of  the  route,  in  order  to  secure  the  most  suitable  and  economical 
line,  and  one  which  is  capable  of  improvement  as  the  traffic  increases; 
hut  in  populous  districts,  the  choice  is  often  confined  within  veiy 
restricted  limits,  involving  costly  works  in  traversing  hilly  country. 

Setting  out  a  Railway.-^After  laymg  down  the  course  of  the 
railway  on  the  survey,  the  centre  line  is  set  out  on  the  groimd  with 
a  theodolite,  and  pegs  are  driven  in  at  every  chain ;  and  levels  axe 
taken  along  the  line  as  set  out,  to  serve  as  a  working  longitudinal 
section,  final  modifications  being  introduced  where  the  further  in- 
spection of  the  ground  and  the  indications  of  the  levels  appear  to  render 
them  expedient 

The  setting  out  of  the  curves  is  best  effected  by  placing  the 
theodolite  over  the  point  from  which  the  curve  starts,  setting  the 
theodolite  at  an  angle  to  the  centre  line  of  the  straight  portion  of 
the  railway  produced,  equal  to  the  tangential  angle  of  the  spedal 
curve,  and  marking  the  point  on  the  line  to  which  the  theodolite 
is  set,  which  is  the  selected  chord's  length  away  from  the  tangent  or 
starting-point  of  the  curve  (Fig.  35).  This  is  the  first  point  set  out 
on  the  curve ;  and  the  succeeding  points  are  obtained  by  turning  the 
theodolite  successively  through  a  series  of  similar  angles,  and 
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le  point  on  each  of  the  lines  thus  set  out  by  the  theodolite  in  succes- 
on,  which  is  a  chord's  length  distant  from  the  preceding  point  on  the 
irve.  This  is  readily  effected  in  practice  by  one  man  holding  the  end 
r  a  tape  at  the  starting-point  in  the  first  instance,  and  at  the  last  point 


SETTING  OUT  A  RAILWAY  CURVE. 
Fig.  36. 
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iet  out  on  the  curve  afterwards,  and  another  man  holding  a  pole  upright 
It  the  required  distance  along  the  tightly  stretched  tape,  and  shifting 
Us  position,  as  directed  by  the  observer  at  the  theodolite,  till  he  brings 
die  pole  into  the  exact  line  to  which  the  theodohte  is  set.  When  any 
obstacle  prevents  any  further  setting  out  from  the  starting-point,  the 
theodolite  is  transferred  to  the  last  point  set  out  on  the  curve;  and 
after  setting  the  theodolite  at  twice  the  tangential  angle  from  the  last 
chord  produced  (one  angle  for  the  direction  of  the  tangent  line,  and 
the  second  for  the  next  point  on  the  curve),  the  same  operations  are 
repeated  till  the  setting  out  of  the  curve  is  completed.  This  simple 
inethod  of  setting  out  a  circular  arc 
is  based  on  the  fact  that  equal 
^les  from  any  point  on  the  circum- 
ference of  a  circle  subtend  equal 
arcs.  A  general  formula  for  the  tan- 
gential  angle,    <x,    of   any    circular 

4 chord 


TANGENTIAL  ANGLE. 
Fig.  36. 


carve  is  a  =  sm 


-1  2 


I  which  is 


radius 
readily  obtained  from  the  considera- 
tion that  the  tangential  angle,  a,  in 
Fig.  36,  is  equal  to  half  the  angle 
subtended  by  the  chord  AB  at  the 
xntre  of  the  circle  C,  namely  ACD, 

tsboth  angles  are  complements  of  the  angle  DAC.  In  the  case  of  a 
wrve  given  in  degrees,  the  tangential  angle  for  chords  of  100  feet  is 
alf  the  angle  of  the  curve,  so  that  with  a  i^  curve,  the  tangential  angle 
\  30',  and  with  a  lo*'  curve,  5°.  As,  however,  it  is  advisable  to  use 
lK)rt  chords  with  sharp  curves,  a  10°  curve  should  be  set  out  with 
bords  not  exceeding  25  feet  in  length,  for  which  the  tangential  angle 

Adjtuitment  of  Earthwork  in  Cuttings  and  Embankments. 
-When  the  longitudinal  section  of  the  route,  as  finally  settled,  has  been 
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plotted,  the  levels  and  gradients  of  the  proposed  railway  are  diaft-n  oa 
"t,  so  as  to  determine  the  amounts  of  the  earthwork  required  for  the 

^cuttings  and  embanknients,  and  the  genera]  nature  and  dimensions  of 
the  other  works,  such  as  culverts,  bridges,  viaducts,  and  tunnels.  Tht 
rail-level  is  generally  shown  on  the  longitudinal  section  as  the  datum  in 
accorilance  with  which  all  the  works  have  to  be  regulated :  but  eicepl 
as  regards  headway,  level  crossings,  and  junctions,  the  Tormation  level, 
which  is  reckoned  as  i  feet  below  the  top  of  the  rails  or  rail-level,  is  the 
most  important,  as  affecting  the  depth  to  which  the  cuttings  have  to  be 
excavated,  and  the  height  to  which  the  embankments  have  to  be  raised 
all  along  the  line,  and  therefore  should  always  be  put  on  the  woiking 
longitudinal  section,  which  furnishes  the  principal  indication  of  ihe 
extent  of  the  earthwork.  Under  ordinary  conditions,  the  levels  of  the 
line  should  be  so  adjusted  that  the  excavation  frotu  the  cuttings  cnsf 

I  just  suffice  to  form  the  adjacent  embankments  (see  Fig.  38,  p.  1 13) : 
n  excess  of  excavation  at  one  pail  of  the  line,  even  if  balanced  by 
xcess  of  embankment  at  another  part  some  distance  off,  would 
involve  considerable  delay  in  the  disposal  of  the  earthwork,  in  addition 
to  the  extra  work  of  transport,  as  the  intervening  cuttings,  embankm^ts 
and  bridges  would  have  to  be  carried  out  first,  or  might  necessitate 
running  the  surplus  excavation  to  spoil,  and  the  making  up  of  ibc 
deficient  embankment  with  side  excavation  from  the  nearest  cutting, 

I  entailing  additional  cost  in  earthwork  and  land  occupied.  Where  pubfe 
toads  cross  the  line  and  level  crossings  are  prohibited,  the  railway  tui» 

^  lo  be  carried  sufficiently  above  or  below  the  roads  to  provide  m 
adequate  headway  for  the  bridges;  or  the  roads  must  be  raised  ot 

'  lowered  adequately  for  the  purpose,  which  involves  an  addition  to  ibe 
earthwork  tor  forming  the  approaches.  Pioneer  lines  are  exempt  fron 
any  such  provisions;  and  even  in  long-settled  parts  of  America,  the 
railways  pass  on  the  level  through  large  towns,  and  the  only  bndfV 
required  are  for  crossing  rivers  or  traversing  side  ravines. 

Where  deep  valleys  and  high  ridges  are  encountered,  the  laige 
amount  of  earthwork  in  the  slopes  of  high  embankments  and  deep 
cuttings  so  increases  the  cost,  and  such  works  become  so  difficult  to 
maintain,  that  even  with  fairly  good  soil,  it  becomes  cheaper  to  build 
viaducts  and  construct  tunnels  when  the  difference  in  level  between  to 
surface  of  the  ground  and  formation  level  exceeds  60  feet ;  but  wh« 
the  excavations  consist  of  clay  or  other  strata  liable  to  slips  and  disinte- 
gration by  wet,  it  is  economical  to  resort  to  tunnels  and  viaducts  fjt 
smaller  differences  in  level,  in  proportion  to  the  treacherous  nature  of 

I  the  strata.     Tunnels,  moreover,  though  very  costly  structures,  save  the 

y  cost  of  the  land  above  them,  of  which  only  the  underground  rights  h«« 

1   to  be  purchased,  and  also  the  construction  of  bridges  for  roads  passti^ 
over  them,  which  must  be  added  to  the  cost  of  the  earthwork  in  reckoO- 
I  ing  the  relative  cost  of  open  cutting  and  tunnel.    Viaducts,  also,  whieb 

I  are  often  combined  with  tunnels  in  carrying  a  direct  railway,  with  t»X( 

^^^  gradients,  across  the  lines  of  valleys  and  the  intervening  ridges  of  hiUi. 
^^^L '  B>  illustrated  by  parts  of  the  London  and  Brighton  Railway,  save  Uic 
^^^B  cost  of  bridges  over  any  roads  passing  along  the  valley,  and  a  high  bridge 

>  J 
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the  river  or  stream  at  the  hottom  of  the  valley,  as  well  as  the 
on  and  mamtenance  of  a  high  emhankment. 
ere  a  railway  traverses  a  very  open  and  exposed  district,  in 
5S  subject  to  long  and  severe  winters,  snow-drifts  are  sure  to 
in  any  confined  depression ;  and  in  such  locaUties,  it  is  essenti^tl 
d  cuttings  as  far  as  possible,  in  spite  of  the  necessity  thereby 
A  of  adopting  steeper  gradients  for  surmounting  rising  groimd, 
forming  approach  embankments  from  side  cuttings  in  the  lower 
.     This  course  had  to  be  adopted  on  the  section  of  the  Canadian 

Railway  crossing  the  comparatively  flat,  exposed  prairies  of 
»oia  and  Alberta,  where  deep  cuttings  in  the  undulating  plains 
have  inevitably  resulted  in  die  stoppage  of  the  trains  in  winter 
p  snow-drifts ;  and  even  the  shallow  cuttings  which  were  formed 

line,  had  to  be  obliterated  by  cutting  away  the  high  ground  for 
Listance  on  each  side  of  the  track. 

le  Cuttings  for  Low  Embankments. — ^As  the  cost  of  the 
ork  for  forming  an  embankment  increases  with  the  distance  the 
il  has  to  be  conveyed,  or, 

termed,  the  kad^  the  low        earthwork  on  side-lying  ground. 
kment  needed  for  raising  Fig.  37. 

ilway  above  the  flood - 
1  traversing  an  extensive, 
It  plain,  can  generally  be 
cheaply  constructed  by 
il    excavated    alongside 

e,  or  side  cutting  as  it  is  called,  than  by  conveying  the  excavation 
long  lead  from  the  nearest  cuttings.  Moreover,  on  side-lying 
I,  where  the  line  may  appear  to  run  approximately  along  the  surface 
\  longitudinal  section,  the  material  excavated  on  one  side  from 
•per  part  of  the  slope,  serves  to  form  the  embankment  on  the 
side  on  the  lower  part  of  the  slope,  in  order  to  provide  a  level 
or  the  railway  (Fig.  37). 

•rmation  Width,  and  Side  Slopes  of  Cuttings  and  Em- 
nents. — Before  calculating  the  earthwork  in  the  cuttings  and 
kments,  it  is  essential  to  determine  the  bottom  width  of  the 
;s,  and  the  top  width  to  which  the  embankments  should  be 
I,  as  a  base  for  the  ballast  of  the  permanent  way.  This  forma- 
idth  varies  with  the  number  of  lines  of  way,  and  the  gauge  of  the 
f ;  but  for  the  standard  gauge  of  4  feet  8^  inches,  the  average 

ordinarily  assumed  are  30  feet  for  a  double  line,  and  about  18 
r  a  single  line. 

le  side  slopes,  which  more  largely  affect  the  amount  of  earthwork 
p  cuttings  and  high  embankments,  than  the  formation  width,  have 
varied  with  the  nature  of  the  soils.  These  slopes  are  always 
id  by  the  relation  of  the  horizontal  width  to  the  vertical  height 
as"  unity,  the  width  increasing  with  the  flatness  of  the  slope, 
ience  has  shown  that  in  cuttings,  rock  will  stand,  according  to  its 
ictness  and  durability,  at  slopes  of  from  about  -^  up  to  g  to  i,  gravel 
,  dry  sand  ij  to  i,  and  compact  soil  and  well-drained  clay  at  i\  to 
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1  ;  whilst  slopes  of  3  to  i,  or  even  flatter,  are  necessary  for  wet  clay,  or 
clay  intersected  with  thin  layers  of  sand.     In  embankments,  where  tbe 
slopes  are  formed  and  consolidated  by  tipping,  instead  of  the  stnti 
remaining  in  their  natural  compact  state  as  at  the  sides  of  cnttings, 
the  angle  of  repose  of  the  materials  is  generally  flatter,  especially  in  the 
<  ase  of  rock,  which,  in  an  embankment,  should  be  given  a  minimnm 
slope  of  I  to  I,  and  preferably  i|^  to  i ;  whilst  il[  to  i  to  2  to  i  fiinusfa 
suitable  limits  for  the  slopes  of  embankments  formed  with  the  better 
class  of  soft  materials ;  but  wet  clay  tipped  from  a  height,  especially 
during  wet  weather,  will  sometimes  hardly  stand  at  any  slope. 

Calculation  of  Earthwork. — The  depth  of  the  formation  level 
in  the  cuttings,  and  its  height  in  the  embankments,  from  the  surface,  are 
generally  figured  at  each  chain  along  the  longitudinal  section,  being  the 
difference  at  each  point  between  the  level  obtained  by  levelling  on  the 
ground  along  the  centre  line,  and  the  formation  level  as  calculated  from 
the  gradients.  The  central  portion  of  the  earthwork  can  be  readily 
obtained,  being  merely  the  mean  of  the  depths  or  heights  between  any 
iwo  points  in  a  cutting  or  embankment,  multiplied  by  the  length  of  the 
portion  under  consideration  and  the  formation  width.  The  contents, 
however,  between  the  central  rectangular  block  and  the  side  slope  on 
each  side,  with  variable  depths  or  heights,  form  a  series  of  frustums  of 
triangular  pyramids,  which  must  each  be  calculated.  Accordingly,  the 
earthwork  is  more  readily  and  accurately  calculated  by  tables  like 
Bidder's,^  where  the  contents  of  one  foot  in  width  of  the  central  block 
for  a  chain  in  length,  and  the  contents  of  the  two  frustums  for  side 
slopes  of  I  to  I  and  a  chain  in  length,  are  given  in  cubic  yards  for 
c'very  possible  variation  in  the  depths  or  heights,  at  the  two  ends  of 
the  chain  length,  of  not  less  than  one  foot,  between  zero  and  50  fe^ 
After  adding  up  the  figures  obtained  from  the  table,  in  the  column 
representing  tlie  contents  of  the  several  slices,  i  foot  in  width,  of  the 
central  block  for  eacli  chain  in  length  of  the  cutting  or  embankment, 
and  also  the  figures  in  the  column  containing  the  corresponding  total 
contents  of  the  side  portions  for  a  slope  of  i  to  i,  it  is  only  necessai) 
to  multiply  the  total  of  the  first  column  by  the  number  of  feet  in  width 
of  the  formation,  and  the  total  of  the  second  column  by  the  proportion 
of  the  horizontal  width  to  the  height  of  the  slopes.  The  sum  of  the* 
two  results  gives  the  total  contents  of  the  cutting  or  embankment, 
between  the  surface  and  formation  level,  in  cubic  yards.  The  tabk 
only  gives  the  contents  of  a  i-foot  slice  of  the  central  block,  and  of  the 
side  frustums,  for  the  given  depths  or  heights  at  the  two  ends,  for  J 
<:hain  in  length ;  but  the  calculations  can,  if  necessary,  be  accelerated  bj 
taking  any  longer  suitable  lengths,  and  merely  multiplying  the  figure 
obtained  from  the  table  by  the  length  of  each  portion  measured  ii 
chains,  as  illustrated  by  the  simple  instance  of  finding  the  contents  0 
the  cutting  and  embankment  indicated  in  the  longitudinal  section 
(Fig.  38),  as  given  in  a  tabular  form  on  page  114. 

'  '"Tables  showing  ihc  Conicnis  of  Excavations  Areas  of  Slopes,  etc.,"  Georj 
\\  Bidder. 
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Bidder's  tables  are  compiled  for  the  unit  of  a  chain  of  66  feet ; 
l)at  amilar  tables  could  readily  be  computed  for  lengths  of  100  feet. 
Moreover,  the  tabular  results  are  only  given  up  to  50  feet  of  depth 
or  height;  but  they  can  be  extended  to  greater  depths  or  heights  by 
Mding  the  dimensions,  when  one  or  both  of  them  exceed  50  feet, 
by  sach  a  number  as  will  bring  them  within  the  limit  of  the  table, 
aod  then  multiplying  the  tabular  figure  representing  the  i-foot  slice 
of  the  central  block  by  the  said  number,  and  the  figure  for  the  side 
portions  by  the  square  of  the  same  number.     Thus,  for  example,  if  the 

RAILWAY  CUTTINQ  AND   EMBANKMENT. 
Fig.  38.— Longitudinal  Section. 


dq>ths  at  the  two  ends  of  a  portion  of  a  railway  cutting  were  60  and 
40  feet,  the  tabular  figures  for  30  and  20  feet  are  61 'i  and  1548,  which 
multiplied  respectively  by  2  and  4  give  122*2  and  6192  as  the  proper 
tabular  numbers  in  cubic  yards  for  a  cutting,  one  chain  long,  diminishing 
uniformly  in  depth  from  60  feet  to  40  feet.  Moreover,  if  a  portion  of 
a  cutting  for  a  ship-canal  increased  regularly  in  depth  from  90  feet 
to  120  feet,  it  is  only  necessary  to  multiply  the  tabular  figures  85*6 
*wi  30x5,  corresponding  to  depths  of  30  and  40  feet,  by  3  and  9 
respectively,  to  obtain  the  required  tabular  numbers  256*8  and  27,135, 
which  multiplied  by  the  length  of  the  cutting  in  chains,  and  by  the 
i^ottom  width  of  the  canal  in  feet,  in  the  first  case,  and  the  proportionate 
width  of  the  side  slopes  to  the  height  in  the  second  case,  would  give  the 
contents  of  this  section  of  the  canal  cutting  in  cubic  yards. 

When  the  contents  of  the  several  cuttings  and  embankments  have 
.  ^  calculated,  by  aid  of  the  depths  and  heights  to  the  formation  level 
shown  on  the  longitudinal  section,  they  are  inserted  in  figures  on  the 
Wion,  over  the  portions  of  the  earthwork  to  which  they  refer,  so  as  to 
mdicate  the  amount  of  excavation  in  each  cutting,  and  the  extent  to 
which  it  can  be  disposed  of  in  the  adjacent  embankments.  Besides, 
^ever,  the  earthwork  shown  upon  the  working  longitudinal  section, 
there  is  the  earthwork  in  cuttings  and  embankments  for  forming  the 
'^way  on  side-lying  ground,  as  indicated  in  Fig.  37,  p.  m,  and  also  for 
lowering  or  raising  roads  for  passing  under  or  over  the  railway,  which 
^  to  be  calculated  from  the  cross  sections,  and  inserted  on  the 
longitudinal  section  at  the  respective  points  to  which  the  several  portions 
appertain.     In  order  to  make  the  excavations  and  embankments  fairly 
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balance  one  another  in  actual  practice,  the  estimated  contents  of  tbe 
embankments  should  be  a  little  in  excess  of  those  of  the  cuttings,  for  it 
is  impossible  to  pack  the  materials  in  the  embankments  as  tight  as  tbey 
were  naturally  compacted  together  in  the  cuttings ;  the  interstices  in  u< 
embankment  after  consolidation,  as  compared  with  a  cutting,  bafioK 
been  found  to  vaiy  from  about  8  per  cent,  for  loose  materials,  such  u 
sand,  gravel,  or  clay,  up  to  ao  per  cent,  for  blocks  of  chalk  and  rock. 

When  the  earthwork  has  to  be  calculated  from  a  parliameoui? 
longitudinal  section,  which  only  gives  the  rail-level,  it  is  necenuy  U) 
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^t  to  the  scaled  depths  in  the  cuttings,  and  to  deduct  2  feet 
leights  of  the  embankments,  in  order  to  obtain  the  dimensions 
mation  level.  Moreover,  when  the  excavation  in  a  cutting 
in  upper  layer  of  soft  soil  and  an  imderlying  stratum  of  rock, 
opes  have  to  be  flat  down  to  the  rock,  and  steep  through  the 
im.     In  such  a  case,  the  line  of  the  top  of  the  rock  above  the 

level  should  be  indicated  on  the  longitudinal  section;  and 
n  of  the  cutting  below  this  line,  being  wholly  in  rock,  can  be 

in  the  ordinary  manner  with  suitable  steep  side  slopes.  The 
owever,  of  the  cutting  in  soft  soil  above  the  rock,  must  be 
separately,  owing  to  its  flatter  side  slopes ;  and  as  the  width 

portion  of  the  cutting  at  the  surface  of  the  rock  varies  with 

of  the  line  of  the  top  of  the  rock  above  the  formation  level, 
the  sloping  sides  of  the  rock  cutting,  the  earthwork  in  the 
rough  the  soft  soil  above  the  rock  must  be  calculated  in  short 
s  in  the  case  of  a  cutting  of  varying  formation  width,  the 
>f  the  i-foot  slice  of  the  central  block  being  multiplied  by 
\e  width  of  the  bottom  of  the  soft  cutting,  on  the  top  of  the 
»ch  length. 
Lng. — After  the  requisite  land  has  been  acquired  for  a  railway, 

of  which  varies  with  the  formation  width,  the  depth  of  the 
ind  the  flatness  of  the  slopes,  and  before  the  excavations  are 
jd,  it  is  necessary  in  settled  districts  to  fence  the  strip  of  land 
ii  side  so  far  as  may  be  required  at  once  for  the  works,  in 
•revent  injury  to  persons  or  cattle  straying  on  to  the  works, 
and-rail  fencing  was  generally  used  in  the  early  days  of  railways  ; 
"encing,  with  oak  or  iron  straining-posts  at  intervals,  is  often 
rred  as  being  cheaper.     By  planting  a  hedge  of  young  thorns 

rail  fence,  a  good  barrier  is  provided  by  the  time  the  wooden 
ins  to  decay.  A  good  and  cheap  protection  for  the  line,  used 
'  in  Ireland,  consists  in  digging  a  ditch  along  the  boundary  on 

making  a  mound  along  it  on  the  inside  with  the  excavated 
srhich  is  coated  with  the  sods  taken  off  the  surface  along  the 
;  ditch,  and  inserting  strong  round  stakes  on  the  top  of  the 
aning  over  towards  the  ditch,  along  which  two  or  three  lines 
e  stretched. 

developed  countries,  fencing  can  be  dispensed  with ;  but 
iches  are  traversed,  and  also  through  agricultural  districts 
iber  is  abundant,  rough  wooden  fencing  serves  as  a  barrier 
ilwav. 

Bions  against  Slips  in  Cuttings  and  Embankments. — 
ods  by  which  cuttings  are  excavated  and  embankments  formed 
1  already  described  in  Chapter  IV. ;  but  special  precautions 
e  taken  to  prevent  slips  in  the  slopes  of  cuttings  and  embank- 
lere  the  material  consists  of  clay  or  other  soils  subject  to  be 
soft  and  slippery  when  exposed  to  the  action  of  wet.  The 
important  provisions  for  averting  slips  in  treacherous  material, 
n  to  an  adequate  flattening  of  the  slopes,  are  efficient  drainage 
It  wet  getting   through   the  ground   to  the   slopes,  and   the 
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l)rotection  of  the  surface  of  the  slopes  from  the  weather.  This  latter 
provision  is  always  made  in  cuttings  and  embankments  of  soft  soil, 
by  removing  the  turf  or  soil  from  the  surface  over  the  cutting  and 
under  the  embankment  before  commencing  these  works,  and  spreading 
it  on  the  slopes  immediately  after  their  completion,  sowing  grass  seeds, 
and  encouraging  the  growth  of  plants,  so  as  to  protect  the  slopes  from 
rain  and  frost,  and  from  the  formation  of  cracks  under  the  heat  of  the 
sun,  and  to  bind  the  ground  together  by  means  of  their  roots. 

Slips  in  clay  cuttings  may,  for  the  most  part,  be  traced  to  two 
causes.  The  surface  layer  of  clay  alongside  the  cutting  is  liable  to 
crack  in  dry,  hot  weather,  forming  sometimes  a  longitudinal  fissure  a 
short  distance  back  from  the  top  of  the  slope ;  and  when  water  fills  this 
fissure  in  wet  weather,  it  exerts  a  hydrostatic  pressure  on  the  block  of 
clay  near  the  edge  of  the  slope,  tending  to  push  the  block  towards  the 
cutting,  in  which  direction  it  is  unsupported.  This  action,  moreover,  is 
intensified  by  the  expansion  of  the  water  in  being  turned  into  ice  during 
a  frost :  and  when  the  pressure  at  the  back  has  detached  the  block  from 
the  adjacent  stratum,  the  water  percolates  through  the  fracture  along 
the  base  of  the  block,  and,  rendering  the  surfaces  of  cleavage  slippery, 
leads  eventually  to  the  fall  of  the  block  of  clay  into  the  cutting,  giving 
the  slope  somewhat  the  form  shown  in  Fig.  39.    Sometimes  a  stratum  oi 

SLIP   IN   RAILWAY  CUTTING. 

Fig.  ag. 


clay  is  intersected  by  thin  layers  of  sand  j  and  when  water  percolates 
from  above  into  one  of  these  seams  of  sand,  it  flows  through  the  sand 
and  finds  an  outlet  at  the  face  of  the  slope  of  the  cutting.  The  sand  is 
thus  gradually  carried  away  with  the  water ;  and  the  upper  layer  of  clay, 
becoming  unsupported  by  the  removal  of  the  seam  of  sand,  settles 
down,  and,  becoming  detached  at  the  back,  slides  along  the  moist 
surface  of  the  underlying  layer  of  clay  into  the  cutting.  The  slopes  of 
cuttings  are  specially  subject  to  this  latter  form  of  slip  when  the  strata 
dij)  towards  the  cutting,  as  the  washing  out  of  the  sand  and  the  sliding 
forward  of  the  detached  upper  layer  are  facilitated  in  proportion  to  Ae 
inclination  of  the  dip. 

Efficient  drainage  of  the  land  alongside  a  cutting  liable  to  slips  is 
necessary,  in  order  to  prevent  water  getting  near  the  slopes.  When  a 
cutting  traverses  very  treacherous  ground,  it  has  occasionally  been  found 
necessar)'  to  weight  and  protect  the  slopes  with  dry  stone  pitching,  laid 
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ihin  bed    of  small   stones  or    other    hard    |>ervious    layer,  to  I 


ser^e  as  a  nibble  drain  for  conveying  any  water  from  the  slope  to  the 

bunotn  of  the  cutting,  where  it  is  carried  across  the  base  of  the  pitching, 

by  outlets  built  at  inter\-al$,  into  the  drain  at  the  side  of  the  cutting. 

I  This  is,  however,  a  costly  expedient ;  and  a  similar  protection  may  to 

I  MMoe   eiitent  be  obtained  by  using  turf  instead  of  the  pitching,  over- 

I  l)'ing  a  ihicker  bed  of  the  permeable  layer.     Often  rubble  drains,  con- 

I   listing  of  trenches  filled  with  rubble  stone,  are  formed  at  intervals  down 

the  face  of  slo|>es,  with  branch  drains  running  into  them  at  an  angle, 

«ith  the  object  of  draining  the  sIo[ks.     This  system  of  draining  the 

slopes  is  very  commonly  resorted  to  when  a  slip  has  occurred  in  a 

cutting  ;  and  the  hollow  left  by  the  fallen  material  is  filled  up  to  the  line 

>if  the  slope  by  hard,  loose  material,  such  as  chalk,  rubble  stone,  or 

ilag,  to  keep  up  and  protect  the  steep  face  near  the  top  of  the  slope, 

without  unduly  weighting  the  lower  part  of  the  slope.     \Vhere  strata  of 

vciy  rxriablc  and  slippery  nature  are  encountered,  interspersed  with 

tlun  beds  of  sand,  in  a  district  of  heavy  rainfall,  it  may  prove  advisable 

lo  resort  to  tunnelling  in  place  of  a  cutting,  even  when  depths  of  only 

40  to  30  feet  are  reached. 

Slips  of  embankments  arc  mainly  due  to  the  disintegration  of  the 
bottom  portion  by  the  action  of  water  percolating  through  the  mass,  or 
Wdie  want  of  cohesion  between  the  central  portion  and  the  side  slopes 
ikle  tipping  has  been  resorted  to.  On  side-lying  ground,  more- 
tfae  natural  slope  at  the  base  facilitates  slips  down  the  slope 
the  action  of  water ;  and  sometimes  the  mere  weight  of  the 
kmenl  occasions  a  landslip  of  the  stratum  on  which  it  rests,  upon 
*fticonnccted,  sloping,  slippery  stratum  below. 

To  prevent  water  remaining  at  the  base  of  an  embankment,  a  longi* 

Uldiaal  rubble  drain  has  to  be  formed  under  the  centre  of  the  embank- 

with  cross  rubble  drains  at  intervals  leading  the  water  with  a  fall 

ditches  at  the  side ;  and  with  exceptionally  bad  material,  a  layer 

iAe  stone  has  in  addition  been  sometimes  spread  over  the  whole 

Iflf  the  eml)iankment.     Moreover,  where  the  only  material  available 

Vf  at  other  Ireachercus  material,  the  tipping  should  not  he  carried 

i»  during  wet  weather ;  and  the  embankment  should  be  formed  through- 

'UiUH-idth  by  end  tipping,  all  side  tipping  being  prohibited;  whilst 

Ifie  best  materials  should  be  resen'ed  for  facing  the  slopes,  and  ashes 

Mj  with  advantage  be  incorporated  with  the    treacherous  material, 

Fcnuing  tlie  embankment  with  a  series  of  consolidated  layers  would  be 

luo  tDstly  a  precautitm  to  be  ordinarily  adopted ;  but  where  a  very  high 

t^mbaukmcnt  lum  to  be  constructed,  it  may  advantageously  be  formed  in 

«»3«ive  st^igcs  from   15  lo  20  feet  in  height.     The  liability  of  an 

nniunkmcni  to  slide  sideways  down  a  somewhat  steep  slope  on  side- 

'I'in;  ground,  can  be  prevented  by  forming  horizontal  benches  in  the 

.lib  the  embankment,  in  combination  with  efficient  drain- 

■  iibble  trenches  down  to  a  firm  stratum  ;  and  an  embank- 

iijt  be  placed  upon  a  site  where  there  is  any  prospect  of 

uhng  lo  a  landslip. 

Remarks  on  Lasring  out  a  Railway. — The  exieni  lo  which'. 
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shar]>  curt'es  and  steep  gradients  enable  heavy  works  to  be  dispensed  with, 
is  sulficiently  exemplified  by  the  fact  tiiat  it  has  been  possible  to  cany  a 
raiU-ay  from  Bombay  over  the  Ghats,  and  across  India  to  Calcutta,  with 
only  one  or  two  ver7>-  short  tunnels,  and  that  the  Canadian  PaciBc  Kali- 
way  has  been  carried  across  the  Rockies  and  the  Selkiiks,  and  thiougb 
the  Albert,  Eraser,  and  other  caJ\ons,  with  a  less  length  of  tunnelling 
than  is  found  on  most  of  the  main  lines  of  England.  Moreover,  the 
ronstructiun  of  the  western  lines  of  North  America  has  been  nnidi 
awelerated  hj-  a  very  extensive  use  of  timber  trestle  viaducts  at  the 
i>utsct,  instead  of  forming  embankments  and  erecting  steel  bridges  with 
masoi\ry  piers,  leaving  these  permanent  works  to  be  carried  out  towards 
the  close  of  the  life  of  the  timber  structures,  when  the  facilities  afforded 
by  the  railway  enable  the  earthwork  for  the  embankments  to  be  readil; 
tipped  from  the  wooden  trestles,  and  the  materials  for  the  bridges  to  be 
convoywl  to  the  site,  which  would  have  involved  very  serious  delays 
and  ditTiculties  during  the  first  formation  of  the  line,  owing  to  the 
absence  of  any  means  of  conveyance  to  most  parts  of  the  works,  exce[* 
along  the  completed  line. 

Culverts. — A\"here   any  ditch,    small   watercourse,   or   stream  is 
cnwswi  by  a  railway  embankment,  a  provision  has  to  be  made  for  the 
iinini lulled  jiassage  of  the  water  conveyed  by  it,  underneath  the  eo- 
banknient,  by  some  form  of  pipe  or  culvert.    Glazed  earthenware  dnin- 
piiws,  Liid  in  a  trench  in  the  solid  ground  and  jointed  with  puddle  ot 
oenient,  scrw  fur  carrying  the  drainage  water  of  ditches  or  small  water- 
courses under  low  emb.inkments  :  and  these  pipes,  in  common  with  iB 
other  ixissages  for  water,  must  be  of  sufficient  capacity  to  convey  away 
ihe  maximum  flow  of  water  that  can  come  to  thein> 
otherwise,   after  an   unusually  heavy  rainfall,  the 
water  would  accumulate  on  the  upper  side  of  th^ 
embankment,  and  might  imperii  its  stabihty.    Cast' 
iron  ]ti[X's  are  used  where  a  considerable  wei^t  ha* 
to  be  supported :  and  wooden  troughs  are  employe** 
where  timber  is    abundant,  and    other    materi»l* 
costly.     Where  stone  is  at  hand,  a  cheap  form  o* 
culvert,  requiring  no  skilled  labour,    consists  of    * 
bottom  bed  of  flat  slabs,  with  rubble- masonry  si(3^ 
walls  supporting  a  roof  of  flat  stone  slabs,  thereby 
liirutiiig  a  rectangular  masonry  culvert  of  dimensions  proportioned  t^ 
the  llow  and  the  height  of  the  embankment  above  it. 

The  most  ordinary  form  of  culvert  under  a  railway  embankment  i* 
built  of  brickwork  or  inasonrj-,  archeil  over  at  the  top.  Cylindrical  O' 
barrel-shaped  brick  culverts  are  commonly  adopted  for  small  flows  o' 
water  under  embankments  of  some  height,  with  two  or  more  rings  o' 
brickwork,  each  4^  inches  thick,  according  to  the  load  to  be  bom^ 
I^arger  culverts  are  built  as  shown  in  Fig  40,  with  an  invert  at  tl»* 
bottom,  resting  on  a  flat  foundation  of  brickw-ork,  masonrj',  or  concrett^ 
whilst  small  wing-walls  at  the  sides  of  the  mouth  of  the  culvert  at  eacJ" 
end,  keep  back  the  earthwork  at  the  toe  of  the  embankment  from  iw"* 
peding  the  outlet.    Culverts  for  large  streams  approximate  to  stn».* 
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,  and  are  constructed  with  a  strong  arch  overhead  where  the 
:ment  is  high,  so  as  to  support  the  incumbent  weight  of  earth  in 
1  to  the  moving  load  of  a  passing  train ;  and  usually  an  invert  is 
the  base  to  strengthen  the  side  walls  against  the  pressure  of  the 
>rk  behind  them,  and  to  secure  the  bottom,  at  the  same  time, 
3ur. 

foundations  of  culverts  under  high  embankments  must  be  made 
ble,  as  any  unequal  settlement  of  the  culvert  imder  the  greater 
>f  the  central  part  of  the  embankment,  thaniimder  the  diminish- 
es towards  the  ends,  would  involve  the  fracture  of  the  culvert ; 
!  escape  of  water  through  the  fracture  into  the  heart  of  the 
ment,  would  soften  the  adjacent  mass,  exposing  the  embankment 
ment  and  slips. 


CHAPTER  VIII. 

ARCHED   BRIDGES. 

Works  of  construction  for  railways  and  roads — Types  of  bridges :  classi- 
fication under  live  types — Dead  and  moving  loads  on  bridges :  definitions, 
estimated  moving  loads — Arched  bridges :  materials  used  in  constnictioD; 
stresses,  their  nature,  their  determmation — Brickwork  and  masonrx 
arches  for  small  spans,  construction,  ordinary  types,  their  dimensions- 
Skew  arches,  increased  span,  arrangement  of  courses — Large  masonry 
bridges  :  instances,  limitations  in  position  of  centre  of  pressures — Laigt 
metal  arched  bridges :  examples ;  description  of  the  St.  Louis  Brid^« 
the  Douro  and  Garabit  viaducts,  and  other  arched  bridges  ;  provisions 
for  changes  of  temperature — Erection  of  metal  arches,  exemplified  by 
St.  Louis,  Douro,  and  Niagara  Falls  bridges. 

In  addition  to  the  cuttings  and  embankments,  with  their  culverts  and 
drains,  which  occupy  such  a  prominent  place  in  the  formation  of  rail- 
ways, various  other  very  important  works,  involving  far  greater  skill  in 
their  design  and  execution,  have  to  be  carried  out  for  enabling  railways 
and  roads  to  surmount  the  physical  obstacles  which   are   frequendy 
encountered  in  their  course.    Thus  bridges  have  to  be  constructed  for 
carrying  railways  and  roads  over  and  under  roads  and  railways,  and  over 
rivers  and  canals,  exhibiting  considerable  variety  in  form  to  suit  very 
varied  conditions ;  viaducts  have  to  be  erected  for  enabling  railways  to 
cross  deep  valleys  at  a  high  level,  in  order  to  secure  easy  gradients ;  and 
tunnels  have  to  be  formed  to  take  railways  through  projecting  spurs, 
high  ridges,  or  across  mountain  chains,  and  occasionally  for  passing 
under  rivers  and  beneath  large  cities.     These  works  of  constructioo, 
termed  "  works  of  art "  by  continental  engineers,  will  be  dealt  with 
successively  in  the  following  six  chapters. 

Types  of  Bridges. — Though  more  variety  has  been  exhibited  in 
the  designs  of  bridges  than  in  any  other  branch  of  railway  construction, 
owing  to  considerable  differences  in  the  spans  and  heights  required,  and 
in  the  conditions  under  which  the  erection  of  bridges  has  to  be  carried 
out,  there  are  only  four  or  five  distinct  types  under  which  all  bridges 
may  be  grouped.  These  types  are  arched,  suspension,  girder,  con- 
tinuous girder,  and  cantilever  bridges.  The  general  principles,  forms, 
and  construction  of  each  of  these  types  will  be  briefly  considered  in 
succession ;  and,  besides  some  ordinary  examples,  notable  instances  ol 
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ridges  of  large  span  of  each  type  will  be  given  in  illustration.  In 
rched  brieves  all  ihe  paxls  are  in  compression,  and  in  suspension 
iiidges  all  the  parts  arc  in  tension ;  whereas,  in  the  other  three  types, 
ome  parts  are  subject  to  tension,  and  others  Co  compression. 

Dead  and  Moving  Loads  on  Bridges.— Every  bridge  has  to 
lupport  two  distinct  kinds  of  loads,  namely,  the  dead  load,  consisting  of 
Its  own  weight  and  the  railway  or  roadway  which  it  carries,  and  the 
mming  load,  consisting  of  the  trains  or  vehicles  and  pedestrians  which 
pas  over  it.  I'he  dead  load  is  permanent,  and  imposes  definite  fixed 
strains  on  the  bridge;  whereas  the  moving  load  is  variable,  has  only 
from  time  to  time  to  be  bome  by  the  bridge,  and  may  in  rapid  succes- 
sion be  evenly  or  unevenly  distributed  over  the  bridge,  as  in  the  case 
of  trains  passing  quickly  across  it.  The  dead  load,  however,  increases 
approximately  as  the  square  of  the  span,  owing  to  the  additional  weight 
of  material  perlinealfoot  that  must  be  put  into  a  bridge,  in  order  to  enable 
it  li)  resist  the  augmented  strains  due  to  an  increase  in  the  span  ;  whereas 
the  moving  load  only  increases  proportionately  with  the  length  of  the 
lirj^:  and  in  the  case  of  a  railway  bridge  for  a  double  line,  it  merely 
lines  this  up  to  the  length  of  the  longest  train,  or  the  weight  of  two  of 
the  heaviest  trains  running  on  the  line,  placed  in  the  most  unfavourable 
pORtion.  AccordinglVj  in  bridges  of  large  span,  the  weight  and  im- 
portance of  the  dead  load  become  much  greater  than  those  of  the 
moving  load  as  the  span  is  augmented ;  and  the  possible  extension  of 
the  span  of  bridges  eventually  reaches  a  limit,  owing  to  the  impractica- 
bilily  of  designing  bridges  capable  of  bearing  their  own  weight  beyond 
'ceitain  span  according  to  the  type  selected,  rather  than  on  account  of 
tlw  strains  due  to  the  relatively  small  moving  load  which  bridges  arc 
nxumicled  to  accommodate.  These  considerations  indicate  that  those 
tn*s  of  bridges  should  be  best  adapted  for  long  spans,  which  concen- 
mie  (heir  greatest  stresses  and  greatest  weight  of  metal  near  their  piers, 
lib  antilevers,  rather  than  those  which  are  liable  to  be  somewhat 
»in  proportion  to  their  length  near  the  centre  of  their  span  than 
Itthetr  extremities,  as  in  the  case  of  ordinary  girders. 
■moving  load  for  railway  bridges  of  moderate  span  is  generally 
So  at  from  1  to  1 J  tons  per  lineal  foot  per  line  of  way,  according  to 
Kvdghl  of  the  locomotives  employed  on  the  line.  For  very  short 
'[uu,  the  moving  load  with  heavy  engines  might  reach  a  maximum  of 
*i>om  3  tons  per  lineal  foot;  whereas  a  moving  load  of  i  ton  per  foot 
■wild  suffice,  under  similar  conditions,  for  spans  of  300  feet.  On 
'oadway  bridges,  the  maximum  possible  load  is  often  assumed  to  be 
'  daisel)--[)ackcd  crowd  of  people  all  over,  estimated  to  weigh  70  to 
^  lbs.  per  sqtuin:  foot,  which  would  inevitably  be  a  slowly  moving  load. 
Ai|ueducts  for  canals  are  the  one  form  of  bridge  in  which  the 
"Hilary  moving  load  of  the  traffic  is  replaced  by  the  permanent  load 
"*  wter  contained  in  their  troughs  ;  for  the  canal  barges  passing  along 
1«ni  do  not  impose  any  additional  weight  on  the  structure  during  their 
[nniit,  as  they  displace  a  volume  of  water  equivalent  to 

Wind-pressure,  which  constitutes  another  form  of  moving  load, 


lib  antil< 
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their  own    ^^H 
oad,  acting  ^^^| 


11  .v_- ri:/j_-._   _.    .-  .  _"_£L.viL:  :.\  alched  bridges. 

zirt  T-::  I  :.-  i  zisu^r-  r.~ii  "Tc  :  =cs.  m"  tiir  if5±r:ocsiI  weight  of  metal 
V-..  -    :^   :      :-   n^^ir-jr-i  ;:  r:=   :ri:!.ct  :;  rfraJLl-*  i:  lo  widistand  this 


•iTi 


■zrEiiC- — NrJi:  u*  irrixit^  beams  and  pile 
:.:•-  ri—Ti  ;  -.-^i-i^  iic  ,Lr:r  :?  :.tt  :c  zzst  turlits:  f^nns  adopted  for 
:~:^:■^  ;  ;r  -  :r^.  >;i~-;  :c  ii'i  ^-lt.t  ^j-jnes  ^er^  ruilt  of  wood;  and 
:  T.  :•;:  iij  .i^r::  ::-  ^.-.-iii-;  :  r'ic:-*  ::"  u^ly  ^*i  sp^a  ia  ihe  eighteenth 

riic  -Tjc  >li5cc:ry,  brickwoxk,  and 
siTnrsriimire  of  bridges  by  forming 
!.•::::  --::  :j-.v:<  .v-.?^  ::  ::.«;-•  _t^:  -r«  ::  "»-.:li5:iad  tensile  stresses; 
i-r.c  rj^  .-.r  Tfij  ij:::..:-*i  ::  irr  ;;iJ-.T  r2.il"»iy  rriii^es  of  larger  span, 
r  LT:  ::r::-.  .■  :.-:::-;.  -:>.  .v  i..v:-^=:  r:  ::5  cnea:  strength  when  only 
>«•:  i*:;r-i  :;  :..■^.-:>^.  i  >:?:>>;-.  .Vr:ir<  ::  "irlckwoii  or  masonry 
-i^i  ■•  ir«-  :.  7^-::-.  ,jc-i  :::  ri-'s--"  .ir.i.  r:,ii  rrlires  of  moderate  span, 
».-ir:  :^:  j.-j._^:.=  r.=j.i*M-.  j^ -:.":-ii:r-  :r- i:c."^un:  of  their  simplicit}', 
i^r::.  ...:;.  .-.i  z-..v.:-:i  .-^.c^:  ».-::r.  :_-.:>c  z:-3.:er--ils  Are  readily  procured; 
':u:  :r.i.:  -Oi.^::  :>  :;■:  ^r-.u:  •.-.  •. :;  .•:r:.:r.  ::  ±.eir  compressive  strength 
::  .-.  j— u:.;  :::  :r.i^;<  . ;  ...ri:  >:»in.^r^:h.  c'^in*:  to  the  mireliability 
- :  ...:^;.  Lr."  ..■.<:. •.'^>  ::.  :v.  .v.irr^.  d::*  ?,  i^i  ^bca  exposed  to  sudden 

<  ■  'v'vi  •  ■'  ■  *"-  ■■  N.*    *"■•  "  --v    -.  «-«c—   -■_-.-    -•  ^-^■■ -"-•  '*"i">n  or  stc^L 

3:r\esses  in  Arched  Bridges. — T?.t  wholly  compressive  stresses 
:::  .'.:•.  ..:^\-.  ^.\:r>.>:  ::  ,i  .-..:::  :":j..  :  r^ivsurv  ^:  :hc  crown,  combined  nith 
\L:::.\i.  i:cj<-:l>  cUv  :.^  ir.e  ^ci^ir,:  cf  i^.e  ':r:d*:e  and  the  moving  load, 
:r.v:i.i>:::^.  :r.  ::-.-j  .Mi<  ::"  :~i  rxe.i  l.\ii.  :"r:ra  :he  centre  where  it  is  zero, 
:o  :ho  .i:  u::::ir.:>.  :i:  i.i.>.  . :'  -aimv.,-.  hul:'  "J-.e  :o:ai  weight  of  the  bridge  and 
iv.ovi".^  ;.:..ic.  .i::d  i'.>:  ;:vj  ho::..  ::ul  yrcssure,  have  to  be  supported. 
Tr.e  rtsu/.a:::  rrtssurcii  .:*  ::;e  hon.or.ul  iressure  and  the  increasing 
vcn.ca:  j  rc.-sures  rcprcser.itd  ';  y  ;:.;.  lo^cs  comprised  beti»een  the  crown 
and  succc<>:ve  i  oiius  oi    ihe  halKirc'n.  arc  gradually  augmented,  and 
deflected  do \v:: wards  bv  dOiirLcs  alon*;  ihe  arch,  from   the  horizontal 
posi:ion  at  the  crown  to  a  direction  ap:  roximately  at  right  angles  to  the 
springing  at  the  abutment^,  where  the  thrust  attaining  its  maximum  has 
to  be  borne  directly  bv  the  abutment^.     When   once  the  horizontal 
pressure  has  been  ascertained,  or  the  direction  of  the   thrust  at  the 
springing  has  been  determined,  it   is   only  necessary  to  calculate  the 
weights   of  successive   sections   of  the   bridge,  and   to   add   to  theit* 
the  corresponding  moving  loads,  in  order  to  obtain  both  the  intensity 
and  direction  of  the  successive  resultant  pressures  in  the  respective? 
sec  tions  of  the  bridge  between  the  crown  of  the  arch  and  the  springing- 
Thus,  if  the  horizontal  pressure  has  been  ascertained,  and  is  represented 
by  the  horizontal  line  AC  in  Fig.  41,  drawn  to  a  definite  scale,  and  i^ 
the  weights  of  the  successive  sections  into  which  the  bridge  has  been 
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for  purposes  of  calculation,  with  their  corresponding  moving 
e  indicated  by  the  vertical  lengths  AB,  BD,  DE,  EF,  and  F8, 
the  same  scale,  AS  being  the  total  load  on  the  half-arch,  then 
CB,  CD,  CE,  CF,  and  C8  represent  the  resultant  pressures 
veral  points  B,  D,  E,  F,  and  8  of  the  arch,  both  in  magnitude 
ction.  If,  on  the  contrary,  the  direction  of  the  thrust  at  the 
8,  namely,  C8  in  Fig.  41,  has  been 

ed,  then,  since  the  vertical  line  A8      pressures  on  arch. 
s  tiie  total  load  on  the  half-arch  to  the  ^'^-  ^^ 

le,  the  horizontal  line  AC,  drawn  from      '  ""^^  ' 

It  at  C  by  the  line  8C  drawn  in  the 
of  the  line  of  thrust  at  the  springing, 
ids  on  the  same  scale  to  the  horizontal 
at  the  crown  of  the  arch;  and  the 
pressures  at  the  several  points  of  the 
indicated  by  the  lines.  CB,  CD,  etc., 
,  in  magnitude  and  direction, 
lorizontal  pressure  at  the  crown  of  an 
ue  to  the  wedge-like  effect  of  the  load 
:entre  tending  to  depress  the  crown,  and 
racted  by  the  resistance  presented  by 
lents  at  the  springings,  and  transmitted 
i  arch  to  the  crown ;  but  the  general 

this  pressure  in  a  simple  arch,  and  its  variation  with  the  ratio  of 
r  the  arch  to  the  span,  will  be  best  indicated  by  considering  briefly 
ontal  tension  at  the  centre  of  a  suspended  chain,  which  is  the 
inverse  to  the  arch.  If  a  simple  chain  hung  from  A  and  B  sup- 
ad  W  at  C  (Fig.  42,  a,  p.  1 24),  the  tensile  stress  along  A C  and  B  C 

I  W        I 

— ,  and  the  horizontal  tension  at  C  is  -   X  -     - :  and  since  DC, 

la  2      tan  a 

3f  the  chain,  or  D,  divided  by  the  half-span,  -jS,  is  equal  to 

5  horizontal  tension  at  C,  given  in  terms  of  the  span  and  the 

WS 
mes    --.     When,  however,  the  load  W  is  distributed  evenly  in 
4D 

ital  line  along  the  chain  ACB,  the  suspended  chain  assumes  the 

.  parabola  (Fig.  42,  b) ;  and  the  horizontal  tension  at  C  becomes 

■  w  is  the  weight  per  unit  of  horizontal  length       -,  and  is  the 

oD 

the  bending  moment  in  the  centre  of  a  simple  beam  having  a 

pan  and  depth.     Now,  inverting  the  equilibrated   suspension 

in  Fig.  42,  c,  the  simple  arch  is  also  in  equilibrium  under  a 

J  distributed  load,  if  it  corresponds  in  its  parabolic  form  to  the 

die  bending  moments ;  and  its  horizontal  thrust  at  the  crown  is 

-— -,  where  R  is  the  rise  of  the  arch,  which  is  borne  either  by 

s  at  A  and  B,  or  by  a  horizontal  tie  AB  in  Fig.  42,  Cy  whose 
tress  is  equivalent  throughout  to  the  horizontal  thrust,  and 
ms  the  bottom  member  of  the  bow-string  girder  ACB,  having 
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an  arched  top  member  wholly  in  compression.  The  horizonta 
can  be  reduced,  and  conseqnendy  the  weight  of  an  aidi  near  it 
can  be  diminished,  by  increasing  the  proportion  of  die  rise  of  t 
to  its  span,  just  as  a  beam  or  girder  of  any  given  span  is  stren| 
by  increasing  its  depth. 

A  simple  arch,  unlike  a  suspension  chain,  is  unable  to  adapt 
a  varying  load ;  and  therefore  an  arch  has  to  be  stiffoied  to  n 
its  equilibrium  under  a  moving  load,  or  even  wind-pressure,  • 


DIAQRAM8  OF  LOADED  SUSPENSION 

Fis.  42. 

a  b 
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variations  in  the  distribution,  amoimt,  and  direction  of  the  s 

Moreover,  even  in  suspension   bridges,  the  fixed  load  is  not 

uniformly  distributed  throughout  the  span ;  for,  owing  to  the  inc 

curvature  of  the  chains  towards  the  piers,  the  greater  strength 

has  to  be  provided  in  the  same  direction,  and  the  greater  length 

suspension  rods  or  cables  towards  the  ends  of  the  span,  the  weij 

unit  of  length  increases  to  some  extent  from  the  centre  to  th( 

This  is  still  more  the  cAse  with  a  properly  stiffened  arch,  in  wh 

arch  itself  has  to  be  materially  strengthened  in  passing  from  the  p 

least  pressure  at  the  crown  to  the  place  of  maximum  pressure 

springings ;  and  the  spandrils  which  weight  the  haunches  of  the  an 

support  the  roadway  above,  have  to  be  increased  in  height  towai 

abutments  to  make  up  for  the  depression  of  the  arch.     According 

WS 
value         obtained  above  for  the  horizontal  tensile  stress  at  the 

oL) 

of  a  suspension  bridge,  though  commonly  adopted  in  practia 
reality  somewhat  in   excess  of   the  actual  value;    and    the 

expression      —  must   only  be  regarded  as  an  approximation 

oxv 

horizontal  thrust  at  the  crown  of  an  arch,  which  is  reduced  in  pro] 
as  the  load  w  per  unit  of  span  is  increased  between  the  crown  a 
springings,  the  effect  of  which  is  to  increase  the  vertical  pressures 
abutments  and  adjacent  portions  of  the  arch,  and  correspondir 
relieve  the  crown. 

The  form  of  arch  in  which  the  horizontal  pressure  at  the 
apparently  is  reduced  to  its  minimum  value,  namely,  where  the 
ecpal  to  half  the  span,  or  a  semicircular  arch,  though  often  adopt 
viaducts,  does  not  in  reality  reduce  this  pressure  to  the  extent 
might  be  supposed  at  first  sight ;  for  a  horizontal  pressure  at  the 
could  not  possibly  be  resolved  into  a  vertical  thrust  acting  a 
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igles  to  a  horizontal  springing.  Consequently,  the  lower  portions  of 
semicircular  arch  in  reality  constitute  part  of  the  abutments  or  piers ; 
le  actual  efficient  rise  is  not  as  large  as  it  seems ;  and  a  segmental 
tch,  with  a  large  rise,  might  equally  well  be  adopted.  Similarly,  a 
ospension  bridge  cannot  advantageously  be  given  a  considerable  dip  in 
Nation  to  its  span,  for  the  greater  the  dip  the  greater  are  the  alterations 
Q  the  curvature  of  the  chains  under  a  moving  load ;  and,  moreover,  a 
[leat  dip  involves  correspondingly  high  towers  for  supporting  the 
iudns.  Accordingly,  in  these  instances,  as  indeed  in  many  others,  the 
)roportions  of  rise  and  dip,  or  depth,  to  span,  which  appear  to  offer 
he  most  favourable  economical  conditions  from  a  particular  point  of 
new,  are  not  practically  attainable. 

Arched  BridgeB  of  Small  Span. — Bridges  of  small  span  over  or 
Oder  a  railway  are  generally  built,  in  arched  form,  of  brickwork  or 
nasonry  where  these  materials  are  readily  procured,  when  the  headway 
s  adequate,  and  the  crossing  is  not  very  much  on  the  skew.  On 
completing  the  abutments  or  piers  on  each  side,  a  timber  centering  is 
erected,  consisting  of  uprights  supporting  a  row  of  ribs  formed  at  the 
op  to  the  curve  of  the  arch,  across  which  a  flooring  of  planks  is 
astened,  flush  on  the  top  with  the  underside  of  the  proposed  arch.  On 
his  flooring,  courses  of  brick  on  edge  or  stone  are  laid  in  mortar  at 


BRIDGE  UNDER  RAILWAY. 
Fig.  43. 
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ight  angles  to  the  faces  of  the  arch,  commencing  on  each  side  at  the 
springing  and  meeting  in  the  centre,  forming  eventually  a  series  of  rings 
>f  4i-inch  brickwork,  or  one  or  more  rings  of  masonry  according  to 
he  span  of  the  arch.  As  soon  as  the  arch  is  completed,  the  supporting 
'entering  is  slightly  lowered  by  easing  some  wedges  or  letting  out  sand 
^om  boxes  on  which  the  uprights  rest,  in  order  that  the  arch  may  settle 
lown  to  its  proper  bearings ;  and  after  allowing  sufficient  time  for  the 
wortar  to  set  thoroughly,  the  centering  is  removed.  Additional  brick- 
work or  masonry  is  built  on  the  haunches  of  the  arch  towards  the 
hutments,  as  shown  on  the  sectional  elevations  of  the  bridges  in  Figs. 
\l  and  44,  in  order  to  provide  for  the  increasing  thrust,  and  to  direct 
he  curve  of  pressures  in  the  arch  suitably  towards  the  springing,  which 
*  ftirther  aided  by  the  weight  of  the  filling  between  the  face  walls  of  the 
*ndge  for  the  formation  of  the  roadway  or  railway  passing  over  it. 
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TYPES  OF  ARCHED  RAILIVAY  BRIDGES. 


The  two  most  common  types  of  brickwork  railway  bridges  aie 
shown  in  Figs.  43  and  44,  in  the  first  of  which  the  bridge  carries  a 
railway,  running  on  an  embankment,  over  a  main  road,  and  in  tiie 
second  a  roadway  is  taken  over  a  railway  which  is  in  a  catting.  Wing- 
walls  in  the  first  case,  projecting  from  each  end  of  the  abutments  to  Ac 


BRIDGE  ACROSS  RAILWAY  CUTTINa 
Fig.  44. 
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BRIDGE  IN   ROCK  CUTTING. 
Fig.  46. 


toe  of  the  slopes  of  the  embankment  on  each  side,  keep  back  the  earth- 
work, like  a  retaining  wall,  from  encroaching  on  the  road ;  and  side 
arches  in  the  second  case  carry  the  bridge  over  the  slopes  of  the 
cutting,  the  abutments  of  which,  being  below  the  natiiral  surface  of  the 

ground,  can  be  founded 
considerably  above  the 
bottom  of  the  cutting.  As, 
in  the  latter  bridge,  the 
horizontal  thrust  of  the 
central  arch  on  each  inter- 
mediate pier  is  counter- 
balanced by  the  similar 
thrust  of  each  side  arch, 
these  piers  have  only  to  be 
made  adequately  thick  to 
bear  thef  vertical  load  due 
to  half  the  arch  on  ead 
side  of  them.  When  1 
railway  traverses  a  cutting 
of  sound  rock,  a  vcr) 
cheap  form  of  bridge  car 
be  built  by  throwing  ai 
arch  across  the  cutting 
abutting  against  the  rock  on  each  side,  and  thereby  dispensing  wid 
abutments  and  piers,  as  shown  in  Fig.  45. 

The  following  rules    have  been  framed  for  finding  the  prindpa 
dimensions  for  arched  bridges  of  brickwork  or  masonry,  having  span 
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oTbelween  15  and  70  feet,  in  relation  to  the  span,  namely,  rise  one- 
Bfth  of  the  span,  thickness  of  arch  one-eighteenth,  of  abutments  one-fifth 
io  one-fourth,  and  of  piers  one-sixth  to  one-seventh  of  the  span.'  The 
[^julation  dimensions  for  railway  bridges  over  roads  in  Great  Britain 
ire,  35  feet  span  for  main  (old  turnpike)  roads,  with  a  headway  of  16 
feet  for  the  central  la  feet  (Fig.  43,  p.  las);  as  feet  span  for  ordinary 
aiblic  roads,  with  a  headway  of  15  feet  for  the  central  10  feet;  and 
n  feet  span  for  private  roads,  with  a  headway  of  14  feet  for  the  central 
)  fecL  The  arch  is  generally  made  a  segment  of  a  circular  arc  ;  for  an 
dliptical  form,  though  affording  more  headway  by  being  flatter  towards 
he  centre,  necessitates  a  thicker  arch  to  provide  a  similar  strength. 
Hk  minimum  span  for  a  bridge  over  a  railway  of  ordinary  gauge,  is 
14  feet  for  a  double  line  and  13  feet  for  a  single  line ;  and  a  headway 
^F 14J  feet  above  the  rails  for  all  structures  is  usually  sufficient ;  but  on 
ibc  Canadian  railways,  a  headway  of  7  feet  above  the  top  of  the  cars  is 
iquired  to  allow  the  brakesmen  to  pass  over  them  in  safety. 

Skew  Aroliea  of  Masoniy  or  Brickwork. — When  the  crossing 
»hich  has  to  be  spanned  by  a  bridge  is  not  at  right  angles,  the  bridge 
tus  to  be  built  on  the  skew ;  and  the  amount  of  skew  increases  in 


poportion  to  the  divergence  of  the  angle  of  the  crossing  from  a  riLflil 
""gle.  The  span  of  the  bridge  is  increased  by  crossing  on  the  skew, 
l*ing  equal  to  the  span  at  right  angles  divided  by  the  sine  of  the  angle 
of  skew  (or  the  angle  which  the  line  of  the  roadway  of  the  bridpe  makes 
■ith  the  abutments),  so  that  with  the  large  skew  of  30°,  whose  sine  is  05, 
If*  span  would  be  doubled.  In  arched  bridges,  moreover,  of  masonry 
or  brickwork,  not  only  is  the  span  increased,  but  the  courses,  which  Slill 
•wve  to  be  laid  in  lines  at  right  angles  to  the  faces  of  the  arch,  no 
'wger  run  parallel  to  the  springing  on  each  side,  bul  are  laid  at  an 
»ngle  to  it  in  proportion  to  the  skew,  and,  changing  their  level  in 
^versing  the  centering,  assume  the  form  of  a  spiral,  instead  of  a 
^tiai^t  line  as  in  a  square  arch  (Fig.  46).  The  lines  of  the  courses  of 
*  skew  arch  can  be  laid  down  on  the  centering,  by  bending  a  flexible 


lath  over  the  centering  at  right  angles  to  the  faces,  and  drawing  a  serie 
of  lines  parallel  to  the  lath,  the  thickness  of  the  courses  aparl ;  oi  b 
making  a  flexible  template  exactly  corresponding  to  the  curved  fioot ' 
the  centering,  laying  it  flat  down,  drawing  on  it  a  number  of  paoUi 
lines  at  right  angles  to  the  sides  representing  the  faces  of  the  bridge,  U 
the  width  of  the  courses  apart,  and  then  transferring  these  lines  to  ih 
floor  of  the  centering.  Sometimes  in  brick  arches,  when  the  skew 
slight,  the  courses  are  laid  parallel  to  the  springing,  and  the  end  brKli 
are  left  to  project  or  are  cut  square  to  the  face ;  but  iii  ordinary  case 
the  bricks  are  cut  to  the  requisite  angle  at  the  springing.  In  masoni 
arches,  however,  the  springing  stones  may  with  advantage  be  so  driSH 
with  wedge-shaped  projections,  as  to  let  tft-o  or  more  courses  of  ston 
in  the  arch  abut  square  against  them  ;  and  the  same  arrangcmeDi  ca 
be  applied  to  hrick  arches  by  adopting  springings  of  masonry. 

Large  Masonry  Bridges,— Though  masonry  and  brickwork  cos 
to  be  suitable  where  bridges  of  really  large  span,  exceeding  300  fee 
have  to  be  built,  owing  to  the  great  weight  of  these  materials  in  con 
parison  with  their  strength,  and  the  large,  heavy  centerings  needed  U 
their  erection,  some  fair-sized,  arched  masonry  bridges  were  erected  befoi 
wTought  iron  had  been  employed  in  compression,  or  steel  was  availibli 
For  instance,  London  Bridge,  built  of  granite  in  1824-31,  has  a  centt 
arch  with  a  span  of  151  feet,  a  rise  of  29-^  feet,  and  a  thickness  at  tli 


crown  of  4^  feet;  and  these  dimensions  in  the  concrete  Alnia  Bridget*^ 
the  Seine  at  Paris,  are  141^  feet,  j8  feet,  and  4  feet  1 1  inches,  and  i 
the  single  masonry  arch  of  the  Grosvenor  Bridge,  erected  over  the  Vt 
at  Chester  in  1817-32,  aoo  feet,  41  feet,  and  4  feet  respectively,  wit 
a  thickness  at  the  spriiigings  of  6  feet.  Several  large  masonry  bridg< 
have  been  erected  somewhat  recently  in  France,  carrying  railways  aoa 
moderately  deep,  narrow  river  valleys  with  a  single  arch,  where  stone  *> 
readily  procured,  and  the  banks  consist  of  Ann  rock  on  each  side  In 
where  intermediate  piers  would  have  been  difficult  to  found,  and  woul 
have  been  obstructions  in  rivers  subject  to  rapid  and  high  Hoods.*  On 
of  these  bridges,  erected  in  1881-4,  crossing  the  Agoflt  near  1~ 
is  shown  in  Fig.  47,  abutting  against  3  rocky  stratum  on  each  b 
■  Aanala  da  Ptnts  tl  Ckmittt',  1SS6  (a),  |i,  409,  uid  platn  S7  M 
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ucfaiiasa  radius  of  toi4<Ve(,a  span  of  I55;feet,a  rise  of  36  feet,  an 
Ihicknes  of  5  feet  at  the  crown,  and  7 j  feet  at  the  spring'mgs ;  and  the 
bridge,  vhicb  has  a  total  length  of  193  feet,  cost  ^8900,  I'he  centering 
OMd  for  the  erection  of  another  of  these  bridges  in  1 881-4,  across  the 
4ni|cnesir  the  village  of  Casielet,  is  given  in  Fig.  48.'     This  granite 


bridge,  ipringing  from  a  solid  slrarum  of  mica-schist,  has  a  length  of  218 
'«t;  itnarch  has  a  radius  of  73  feet,  a  span  of  135  feet,  a  rise  of  46  feel, 
wd  a  thickness  of  4  feet  at  the  crown,  and  8j  feet,  on  the  average,  at  the 
S^ifgings;  and  the  cost  of  the  bridge  was  ^8200.  Two  of  the  largest 
nt these  bridges, the Gour-Noir across  the  Vezfere'and  the  Lavaur across 
(iie.\goai,  whose  lengths  with  their  approaches  .ire  356  feet  and  405 
fw,  have  each  a  single  arch,  with  a  radius  of  118  feet  at  the  intrados  and 
'«j  feet  at  the  extrados  in  the  former  case,  and  of  io2|  feet  at  the 
uKruios  in  the  btler,  and  spans  of  197  feet  and  soz  feet,  rises  of  53  feet 
oA  qo  feel  (to  the  foundations),  and  thicknesses  of  5  feet  7  inches  and 
i  feet  i  inches  at  the  crown,  and  r3^  feet  and  12\  feet  at  the  springings 
wpoc^Tely ;  whilst  their  cost  amounted  to  ;^g326  and  ^19,330. 

To  ensure  the  stability  of  a  brickwork  or  masonry  arch,  the  bridge 
aut  be  so  designed  iliat  the  line  of  the  centre  of  pressures  shall  keep 
^K&aa  the  middle  third  of  the  arch  under  any  possible  distribution  of  the 
*o«ng  load  ;  for  if  any  portion  of  this  line  passes  outside  the  middle 
fiiinl,  the  arch  i»  subjected  to  tension  at  the  side  furthest  removed  from 
1^  line  of  lesultant  pressures  at  that  part,  which  the  mortar  joints  are 
"*  adapted  to  sustain.  The  distribution  of  the  pressure  at  any  part  of 
">  uch,  in  relation  to  the  position  of  the  centre  of  pressures,  is  indicated 
*l^roxiinatcly  by  the  diagrams  (Fig.  49)  of  a  portion  of  an  arch  ABCD, 

\ -itu^tt  Ai  Pmlitl  Ckaunifi,  1886  <»,  pUic  36. 
"EqxMtiofi  Uniitenelle  k  P.itU  en  1SS9:  Xmiccs  ^ui  Irs  Mwl^ln  rrt  Drs^ 
"^tbtnt  tamax  Jti.  Ponis  «t  Chiui^^fs,"  p.  650. 
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divided  longitudinally  into  three  bands  of  equal  width  by  the  two  dotlcc 
lines  EF,  GH.  ^^'hen  the  centre  of  pressures  reaches  the  edge  of  the 
^  cenltal  band,  coinciding  for  example  with  the  upper  dotted  line  EF  at  P 
I  io  the  first  diagram,  the  distribution  of  pressure  on  the  section  IK  of  the 
[  arch  is  represented  by  the  shaded  portion  KLM,  the  pressure  reaching 
!■■  maximum  at  the  upper  surface  of  the  arch  al  |,  and  diminishing  from 
^thence  to  zero  at  the  under  surface  a  I  K.  If,  however,  the  centre  of 
p  pressures  passes  outside  the  middle  band  EF.  GH.  in  any  part  of  Ita 
[I  arch,  as,  for  instance,  at  P  between  AB  and  EF  in  the  second  " 

DISTRIBUTION   OF   PRESSUI 


:  pressure  is  intensified  at  I,  and  becomes  ^ero  within  the  arch  at  K. 
and  tension  occurs  below  N,  amounting  to  OQ  at  the  under  surface  at  K' 
The  occurrence  of  the  conditions  indicated  in  the  second  diagram  of 
Fig.  49,  must  be  prevented  by  so  adjusting  the  permanent  loads  of  Ihe 
bridge  in  the  design,  and  increasing,  if  necessary,  the  thickness  of  tlK 
arch,  that  the  line  of  resultant  pressures  due  to  the  dead  load  shall  Wl 
sufficiently  within  the  central  band,  throughout  the  arch,  as  not  to  I* 
forced  out  of  it  by  the  utmost  practicable  unequal  distribution  of  ti)* 
moving  load. 

Metal  Arched  Bridges  of  Large  SpoiL— The  capacity  of  im 
and  steel  to  withstand  tension  as  well  as  compression,  thereby  dispenu!^ 
with  any  need  of  keeping  the  line  of  the  centre  of  pressures  within  lb* 
middle  third  of  the  arch,  and  their  lightness  in  relation  to  their  slnaigtli 
as  compared  with  masonrj',  render  them  the  most  suitable  materials  fct 
arched  bridges  of  large  span. 

Sunderland  Bridge  across  the  Wear,  having  an  arch  of  336  feet  Sp"* 
and  34  feet  rise,  completed  in  1796,  and  Southwark  Bridge  across  tl* 
Thames,  with  a  central  arch  of  240  feet  sjian  and  24  feet  rise,  complete^ 
in  1S19,  are  instances  of  large  cast-iron  arched  bridges  erected  lonj 
before  the  adoption  of  wrought  iron  and  steel  for  such  structures. 

The  \'^ictoria  Bridge,  carrying  two  railways  across  the  Thames  »' 
Pimlico,  marks  a  transitional  period  ;  for  the  four  arches  of  the  origin*I 
bridge,  built  in  1859-60,  having  each  a  span  of  175  feet  and  &  rise* 
^^\  feel,  were  made  of  wrought  iron ;  though  subsequently  a  cast-iioo 
arched  bridge  was  erected  from  the  designs  of  the  same  engineer,  w"^ 
a  span  of  lOO  feet  and  a  rise  of  20  feel,  for  carrying  the  Coalbroolidil* 
Railway  across  the  Severn  ;  whilst  the  widening  of  the  Victoria  Bri^ 
in  1865-66  was  again  effected  by  wrought -iron  arches. 

'I'he  St.  Louis  Bridge,  built  in  1S67-74,  conveying  a  railway.andi 
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ad  way  overhead,  across  the  Mississippi,  with  a  central  arch  of  520  feet 
An  and  a  rise  of  47  feet,  and  two  side  arches  of  502  feet  span  with  a 
se  of  43f  feet  (Fig.  50,  p.  132),  was  the  first  bridge  of  large  span  con- 
lucted  of  steel ;  and  the  safe  stresses  on  the  metal  in  this  bridge  were 
stimated  at  i2f  tons  on  the  square  inch  in  compression,  and  10  tons 
Q  tension.*  Each  span  of  the  bridge  is  borne  by  four  arched  ribs 
xnnposed  of  two  steel  tubes,  one  above  the  other,  12  feet  apart  centre 
X)  centre  and  connected  by  lattice  work,  each  tube  having  an  external 
diameter  of  i-^  feet,  and  increasing  in  thickness  from  \\  inches  at  the 
crown  to  2\  inches  at  the  springings.  The  cost  of  this  bridge,  including 
the  approaches,  was  ;£^  1,36 1,800. 

The  Washington  Bridge,  over  the  Harlem  River  at  New  York,  built 
in  1886-89,  is  another  instance  of  a  large  steel  arched  bridge,  having 
two  spans  of  510  feet  with  a  rise  of  9 if  feet.  Each  arch  is  composed 
of  six  ribs,  with  an  effective  depth  of  12  feet ;  and  each  rib  is  formed  by 
thirty-four  segments.' 

A  crescent-shaped  form  was  adopted  for  the  wrought-iron  arches  of 
large  span  in  the  Oporto  and  Garabit  viaducts,  across  the  rivers  Douro 
and  Truyfere,  where  the  railway  in  each  case  passes  at  a  considerable 
height  above  the  river,  and  the  arch  springs  from  a  low  masonry  abutment 
on  each  bank,  necessitating  a  considerable  rise  in  the  arch,  and  con- 
sequentiy  rendering  it  specially  suitable  for  a  large  span  (Figs.  5 1  and 
58,  pages  132  and  136);  whilst  the  Griinenthal  Bridge,  carrying  a 
lailway  and  a  road  across  the  Baltic  Canal,  has  a  similar  form.  The 
ndlway  viaduct  across  the  Douro  at  Oporto,  built  in  1876-77,  known 
as  the  Maria  Pia  Bridge,  has  a  length  of  11 58  feet ;  and  its  central  large 
arch  over  the  river  has  a  span  of  525  feet,  a  rise  to  its  underside  of 
123  feet,  and  a  clear  headway  in  the  centre  of  168  J  feet  above  low-tide 
level,  a  height  at  the  crown  of  323-  feet,  tapering  off  to  a  pivot  at  each 
springing,  and  a  width  at  the  top  between  the  ribs  of  13  feet,  fanning 
out  to  49  feet  at  the  springings.^  The  still  larger  and  higher  arch  of 
the  Garabit  Viaduct  across  the  lower  part  of  the  valley  of  the  River 
Tniybre,  erected  in  1880-84,  has  a  span  of  541-3  feet,  a  rise  of  168  feet, 
a  height  at  the  crown  of  32^  feet,  like  the  Douro  arch,  and  tapering 
similarly  off  to  the  springings,  and  a  width  between  the  ribs  of  2 of  feet 
at  the  top,  fanning  out  to  65^  feet  at  the  springings ;  *  whilst  the  height  of 
the  rail-level  above  the  lowest  part  of  the  valley  is  403  feet.  The  total 
length  of  this  viaduct  is  17 15  feet,  and  its  cost  was  ;;^i 26,900  (Fig.  51, 

P- 132). 

The  Griinenthal  Bridge,  which  carries  a  railway  and  a  road  side  by 
side  over  the  Baltic  Canal,  erected  in  1892,  with  a  span  of  513^  feet 
^  a  rise  of  70^  feet,  though  having  a  crescent-shaped  arch  like  the 
^)uro  and  Garabit  viaducts,  with  a  height  of  12^  feet  at  the  crown, 

'  "History  of  the  St.  Louis  Bridge,"  C.  M.  Woodward.    St.  Louis,  1881. 

*  "The   Washington   Bridge   over   the   Harlem    River,"  W.  R.  Hutton.     New 
Vork,  1889. 

*  "Notice  aur  le  pont  du  Douro  ^  Porto  (Pont  Maria    Pia),"  G.   Eiffel;   and 
^hnoires  de  la  SocUti  des  Inginieurs  Civils^  1878,  p.  741,  and  plates  128-131. 

*  Mhnoira  de  la  SocUti  des  Inginimrs  Civils^  1888(2),  p.  1 1 2,  and  plates  172-175. 
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tapering  off  to  a  pivot  al  the  spruigings,  differs  from  them  in  the  posM 
of  the  roadway,  which,  being  carried  across  at  a  lower  level  than  ll 
crown  of  tl»e  aich,  though  affording  a  lieadway  of  138  feet  above  t' 
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water-level  of  the  canal,  is  suspended  from  the  arch  in  the  central  part 
of  the  span,  and  supported  over  it  at  the  sides.^  This  arch,  moreover, 
was  erected  hy  the  aid  of  scaffolding  built  up  in  clusters  from  the  bottom 
of  the  canal  excavations ;  whereas  the  Douro  and  Garabit  arches  were 
built  out  from  the  springings  without  scaffolding,  till  the  two  portions  could 
be  joined  in  the  centre  of  the  span  (Fig.  58,  p.  136).  The  great  depth  of 
the  Douro  and  Garabit  arches  at  the  crown,  was  designed  to  enable  the 
arch  to  resist  the  changes  in  the  strains  resulting  from  variations  in  the 
distribution  of  the  moving  load,  which,  in  the  case  of  the  Douro  viaduct, 
b  greater  per  unit  of  length  than  the  weight  of  the  arch ;  whilst  the  large 
increase  in  width  of  the  arch  at  the  springings,  distributes  the  weight  on  the 
abutments,  and  gives  the  arch  stability  against  the  wind-pressure,  which 
has  a  considerable  effect  on  such  high  structiu'es  in  a  narrow  gorge. 

Some  other  arched  metal  bridges  of  large  span  have  been  built  more 

in  accordance  with  the  ordinary  forms  of  arched  bridges,  where  the 

depth  of  the  arch  increases  from  the  crown  towards  the  springings, 

witibout,  in  most  cases,  abandoning  the  freedom  of  movement  at  the 

springings.      The    Stony   Creek   steel  arch,  indeed,   erected   on   the 

mountain    section  of   the    Canadian   Pacific   Railway,  at  a   cost   of 

;^2o,2oo,  is  of  the  same   depth   throughout   (Fig.    52,   p.  132),  like 

£e  nbs  of  the  St.  Louis  Bridge ;  but  the  strength  of  metal  arches  is 

readily  augmented  from   the  crown   towards  the  springings,  without 

necessarily  increasing  the  depth  of  the  arch,  by  merely  increasing  the 

thickness  of  the  metal  in  successive  panels.     In  some  cases,  however, 

the  depth  of  the  arch  is  increased,  in  proportion  to  the  deviation  of  the 

curve  from  the  horizontal,  by  spandril  uprights  and  bracing,  of  which 

examples   are   furnished   by   the  steel  arch  across  the  Salmon  River 

on  the  Pacific   section  of  the  Canadian  Pacific  Railway,  which  cost 

;fi2,ioo  (Fig.  53,  p.  132),   and    by   the   large   steel   arch   over   the 

Niagara   River,   which  replaced  the   Niagara    Suspension    Bridge    in 

1897,  carrying  a  double  line  of  railway  on  the  higher  level,  258  feet 

above  the  river,  and  a  roadway  underneath,  and  which  has  a  si>an  of 

550  feet  and  a  rise  of  114  feet,  and  cost  about  ^104,200  (Fig.  54, 

p.  132).     In  other   cases,  the  depth  of  the  arched   ribs  is  gradually 

increased  to  a  moderate  extent  from  the  crown  to  the  springings.     An 

example  of  this  type  of  metal  arch  is  afforded  by  the  Levensau  Bridge, 

built  on  staging  over  the  Baltic  Canal  in  1894,  carrying  a  railway  and  a 

roadway  side  by  side,  and  having  a  span  of  536^  feet,  a  rise  of  64  feet, 

a  depth  of  arched  ribs  of  io|  feet  at  the  crown,  increasing  to  183-  feet  at 

the  springings,  and  giving  a  dear  headway  in  the  centre  of  138  feet  above 

the  water-level  of  the  canal ;  ^  and  the  Miingsten  Bridge,  completed  in 

^897,  is  a  still  larger  example  of  the  same  type,  with  a  span  of  558  feet, 

*nd  attaining  a  height  of  351  feet  above  the  bottom  of  the  valley.^     The 

second  arched  bridge  of  large  span  over  the  Douro  at  Oporto,  erected  in 

'  "Geschichte  dcs  Nord-Ostscc-Kanals,"  Carl  Loewe,  Berlin.  1895,  |>    30,  and 

platen. 

'  "Geschichte  dcs  Nord-Ostsee-Kanals,"  Carl  Loewe,  plates  12  and  13. 
*  ZeiUckrift  fur  Archiiickien   und  Ingenuur  wesetty  Hanover,   1898,  vi>l.  xliv. 
^^^l"*.  53  and  54. 


li-8s,  designated  the  Luii  1.  Bridge,  is  similar  to  the  Levensau  and 

Mungsten  bridges  in  the  increase  of  ihe  deplli  of  its  arched  ribs  lowaiils 

I  the  springings ;  but  it  differs  from  them  in  having  to  provide  two  n»i 

f  ways  across  the  river  at  very  different  levels,*  so  that,  whilst  one  roadwsj 

»is  carried  over  the  arch,  the  lower  one  has  to  be  suspended  from  it 

r  (Fig.  5S).     This  bridge,  which  cost  nearly  ^100,000,  has  a  total  length 

of  IJ78  feel  between  the  abutments;   its  arch  over  the  river  his  1 

span  of  566  feet,  a  rise  of  146  feet,  a  depth  of  a6i  feet  at  the  ctoioi, 

I  increasing  to  55  feet  measured  vertically  at  the  springings ;  aiid  tit 
width  between  the  ribs  is  widened  out  from  19^  feet  at  the  crown  W 
jjj  feet  at  the  springings,  as  in  the  first  bridge.  The  upper  loadwsy 
IS  304  feet  above  the  river,  for  the  accommodation  of  the  upper  p*"" 
of  the  town;  and  the  lower  suspended  roadway  i.s  164  feet  below  it* 
upper  one.  An  arched  steel  bridge  of  the  exceptional  span  of  840  W 
was  erected  across  the  Niagara  River  a  short  distance  below  the  I'sl'* 
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)&,  assisted  to  a  slight  extent  by  the  hghl  suspension  bridge  whiti" 
previously  spanned  the  gor^e,  springing  from  the  rock  some  dislan* 
down  the  slopes  at  the  sides,  whereby  the  main  span  was  reduced  froi" 
the  span  of  1368  feet  of  the  suspension  bridge  to  840  feet,  with  fftiff* 
over  the  side  slopes  of  190  feet  and  110  feet  span,  the  rise  of  the  iK^ 
being  137  feet,  and  the  depth  of  the  arch  at  the  crown  36  feet '  (Fig.  S*' 

'  Mmoirei  dt  la  Steiill  dti  In^cniturs  Cn-ils,  18S6  (1),  |^  5S,  and  p\M»  '>' 
and  1 13 ;  nnd  SKgiaitring,  vol.  xlii.  pp.  7  and  la. 

•  EHxincfring,  vol.  l»vii.  pp,  S4O1  S'S,  633.  nnd  70a 
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Provisions  in  Metal  Arches  for  Changes  in  Temperature. 
—A  metal  arch  necessarily  rises  or  falls  slightly  with  an  increase  or 
decrease  of  temperature ;  and  when  the  arch  is  fixed  at  its  springings, 
of  which  the  widened  Victoria  Bridge,  Pimlico,  and  the  St  Louis  Brieve 
are  instances,  the  stresses  due  to  the  alteration  in  form  have  to  be  borne 
by  the  elasticity  of  the  metal.  The  alteration  in  the  form,  however,  of 
a  metal  arch  with  changes  in  temperature  is  facilitated,  and  the  resulting 
stresses  reduced,  by  leaving  each  rib  free  to  rotate  slighdy  on  its 
springings;  whilst  this  arrangement  has  the  further  advantage  of 
enabling  the  arch,  on  completion,  to  settle  properly  on  its  bearings. 
Sometimes  the  provision  for  rotation  made  by  causing  the  rounded 
ends  of  the  ribs  to  rest  in  segmental  cast-iron  shoes,  as  adopted  for  the 
original  Victoria  Bridge  and  the  Severn  Valley  Bridge,  has  proved 
practically  only  serviceable  for  the  settlement  of  the  arch  on  completion, 
owing  to  the  friction  of  the  surfaces  in  contact  being  too  great  to  be 
overcome  by  the  stresses  due  to  changes  in  temperature.  In  more 
recent  arched  metal  bridges  of  large  span,  the  requisite  hinging  at  the 
springings  has  been  more  efficiently  arranged,  by  causing  the  ribs  to 
rest  upon  cylindrical  steel  pins,  as  in  the  arched  Blackfriars  Railway 
Bridge  across  the  Thames,  and  the  Washington  Bridge  over  the  Harlem 
River,  or  by  tapering  down  the  ribs  to  pivots  at  the  springings,  on  which 
tbey  are  free  to  revolve,  of  which  the  Garabit,  Douro,  and  Griinenthal 
arches  are  examples.  Sometimes,  also,  when  the  arch  is  not  tapered  to 
a  pivot,  it  is,  nevertheless,  made  to  bear  on  a  curved  surface  at  the 
springings,  on  which  it  is  left  free  to  move,  an  arrangement  adopted  for 
the  arches  of  the  Niagara,  second  Douro,  and  Levensau  bridges. 

Erection  of  Large  Metal  Arches. — ^The  feasibility  of  building 
out  large  metal  arches  from  the  springings  without  the  aid  of  scaffolding, 
till  they  meet  in  the  centre  of  the  span,  constitutes  one  of  the  principal 
advantages  of  this  type  of  bridge  for  carrying  a  railway  or  roadway  at  a 
high  elevation  over  a  deep,  narrow  valley,  or  across  a  broad,  rapidly 
flowing  river.  The  steel  tubes  forming  the  upper  and  lower  members 
of  each  rib  of  the  arches  of  the  St.  Louis  Bridge,  were  built  out  in 
i2-feet  lengths  from  the  springings,  with  their  intermediate  bracing,  for 
a  quarter  of  the  span  on  each  side,  being  supported  like  a  bracket  by 
their  attachments  to  the  springing ;  and  the  remaining  quarter  portions 
to  the  centre  of  the  span  were  gradually  extended,  by  supporting  the 
projecting  portions  by  a  number  of  iron  bars  passing  over  a  timber  tower 
erected  on  the  pier,  and  fastened  to  the  corresponding  projecting  length 
of  rib  on  the  opposite  side  of  the  pier,  or  to  the  shore  viaduct  at  the 
^hutments,*  the  whole  forming  a  sort  of  temporary,  balanced  cantilever 
extending  out  on  each  side  of  the  pier,  or  from  the  abutments  (Fig.  57, 
P-  136).  The  tension  of  the  long,  coupled  bars  supporting  the  pro- 
jecting ribs,  was  adjusted  by  compensating  for  changes  in  length,  due  to 
^  rise  or  fall  of  temperature,  by  raising  or  lowering  the  supports  of  the 
hars  on  the  top  of  the  towers,  which  was  effected  by  regulating  the 
pressure  on  a  hydraulic  plunger. 

'  **  A  History  of  the  St.  Louis  Bridge,"  C.  M.  Woodward,  p.  160,  and  plates  37 
^  42-45. 
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4) ;  for  the  pivoted  ends  of  the  ribs  of  the  first  Douro  bridge 
mdered  the  earlier  part  of  its  erection  somewhat  difficult,  owing 
very  4ixmted  space  available  for  temporary  supports  on  the  edge 
!  river-bank.  Other  arched  bridges  spanning  rapid  rivers  or  deep 
IS,  where  scaffolding  would  have  been  very  costly,  or  impracticable 
the  case  of  the  Niagara  Bridge  (Fig.  54,  p.  132)  over  the  Niagara 
Is,  have  been  erected  in  the  same  manner. 

be  method  by  which  each  half-span  of  the  Niagara  FaUs  and 
n  arch  was  supported  during  erection,  is  shown  in  Fig.  59,  where 
of  the  two  arched  ribs  was  kept  in  position  by  a  series  of  diverging 
onnected  to,  and  held  back  by,  a  main  horizontal  tie  anchored 
'ards  to  the  solid  rock,  and  adjusted  by  a  toggle  which,  by  the  aid 
crew,  could  relax  or  tighten  up  the  main  tie. 


CHAPTER  IX. 
SUSPENSION  BRIDGES. 

Single  span,  and  with  short  side  spans,  usual  forms ;  economy  of  several 
spans— Suspension  and  arched  bridges  contrasted — ^Advantages  and 
disadvantages  of  suspension  bridges — Original  form  with  chains  of  long, 
flat  links,  or  wire  cables  ;  illustrated  by  Menai  and  Friburg  suspension 
bridges — Wire  cables  and  flat-link  chains  compared—  Forms  of  wire 
cables — Auxiliary  cables  :  for  large  spans,  instances,  their  advantages- 
Examples  of  principal  types  of  large  span :  Clifton,  Pest,  Kieff,  and 
Brooklyn  bridges — Stiffened  suspension  bridges :  Lambeth,  Francis- 
Joseph,  and  Albert,  Chelsea,  bridges  ;  comparison  of  systems — Stiffened 
suspension  chains  :  methods  adopted  ;  examples  at  Vienna  and  Pittsburg 
— Provisions  for  movement  of  chains,  and  against  wind  :  arrangement 
on  towers  for  motion  of  chains  or  cables ;  instances  of  roadway  w 
bridges  injured  by  storms,  remedies  adopted — Remarks  on  suspension 
bridges  :  great  value  formerly  for  large  spans  ;  recent  examples ;  modi- 
lication  of  type  and  increase  in  cost  by  stiffening;  utility  of  system 
under  certain  conditions. 

Suspension  bridges  have  been  frequently  constructed  with  a  svag\^ 
large  span,  especially  where  a  deep  gorge  with  precipitous  sides  has 
to  be  crossed ;  but  when  traversing  a  river  with  sloping  banks,  piers  in 
the  river  near  each  bank  enable  the  main  span  of  the  bric^ge  to  be 
reduced,  leaving  much  shorter  side  spans  to  stretch  from  the  piers  to 
the  shore.  These  are  the  two  ordinary  types  of  suspension  bridges; 
but  occasionally,  when  the  suspension  system  has  been  resorted  to  ^ 
crossing  a  wide  river,  two  or  more  river  spans  have  been  adopted.  A 
suspension  bridge  having  several  spans  is,  indeed,  more  economical 
per  unit  of  length  than  a  bridge  with  a  single  similar  span ;  for  ^ 
anchorage  cables  with  their  anchorages,  required  on  the  land  sides  « 
the  piers  to  support  the  stresses  of  the  cables  carrying  a  bridge  having 
only  a  single  span,  suffice  equally  for  a  suspension  bridge  having  several 
similar  spans. 

Suspension  and  Arched  Bridges  contrasted. — ^A  suspenaon 
bridge  is  the  exact  converse  of  an  arched  bridge,  for  all  its  members 
are  in  tension ;  the  towers  supporting  the  cables  take  the  place  of  tbc 
springings  of  an  arch;  and  the  anchorage  cables  at  each  extremityi 
bearing  the  whole  tension  due  to  the  weight  of  the  bridge  and  its  load* 
are  the  counterparts  of  the  abutments  which  sustain  the  whole  thrust  d 
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the  arch.  Moreover,  the  tensional  stresses  in  the  cables  of  a  suspension 
bridge  are  horizontal,  and  at  a  minimum  at  the  lowest  point  of  the  dip 
of  the  cables,  which  in  a  fully  loaded  bridge  is  at  the  centre  of  the  span, 
^d  increase  by  the  sum  of  the  weights  of  the  successive  sections  of  the 
bridge  with  their  respective  loads,  to  a  maximum  over  the  supports, 
just  as  in  the  case  of  the  compressive  stresses  in  an  arch  between  the 
crown  and  the  abutments.  Accordingly,  it  is  only  necessary  to  obtain 
the  horizontal  tensile  stress  in  the  centre  of  the  span  of  a  suspension 
hridge,  as  previously  indicated,  on  p.  123,  and  to  form  a  graphic 
diagram  similar  to  Fig.  41,  p.  123,  inverted,  in  which  this  horizontal 
tensile  stress,  and  the  vertical  stresses  due  to  the  weights  of  the  several 
portions  of  the  bridge  starting  from  the  centre,  with  their  respective 
loads,  are  drawn  to  a  given  scale,  in  order  to  obtain  the  resultant  tensile 
stresses  at  the  several  points  of  the  suspension  cables  both  in  magnitude 
and  direction. 

The  towers  of  a  suspension  bridge  of  several  spans,  like  the  piers 
of  a  viaduct  with  several  arches,  have  only  to  bear  the  vertical  loads 
dae  to  half  the  span  on  each  side ;  for  the  horizontal  stresses  due  to 
the  span  on  one  side,  are  coimterpoised  by  those  on  the  other  over  the 
towers  and  piers,  so  that  those  stresses  have  to  be  provided  against 
solely  at  the  extremities,  by  the  anchorages  in  the  one  case,  and  the 
abutments  in  the  other. 

Advantages  and  Disadvantages  of  Suspension  Bridges. — 
As  all  the  parts  of  a  suspension  bridge  are  in  tension,  each  portion  is 
able  to  support  the  maximum  stress  to  which  the  metal  can  be  safely 
subjected ;  the  several  parts  naturally  take  the  positions  imposed  by  the 
str^ses,  and  suited  to  sustain  them ;  and  no  additional  pieces  or  thick- 
nesses, involving  an  increased  weight,  have  to  be  provided  to  enable 
the  several  parts  of  the  structure  to  withstand  flexure.  Accordingly, 
the  metal  is  used  to  the  best  advantage  in  suspension  bridges ;  and  by 
employing  the  metal  in  the  form  of  wire,  which  possesses  a  much  higher 
degree  of  tenacity  than  the  metal  in  its  other  forms,  a  remarkably  light, 
strong  type  of  bridge  can  be  constructed,  at  a  relatively  moderate  cost, 
which  is  specially  adapted  for  large  spans.  Moreover,  by  the  help  of 
a  suspended  platform  stretched  across  a  deep  gorge  or  a  wide  river,  a 
suspension  bridge  can  be  erected  without  scaffolding;  and  on  this 
account,  as  well  as  owing  to  the  lightness  and  economy  of  such  bridges, 
several  of  the  earlier  bridges  of  large  span,  in  unfavourable  situations, 
Were  built  on  this  principle. 

Suspension  bridges,  however,  of  the  ordinary  types,  in  consequence 
^^  their  lightness  and  flexibility,  are  not  well  adapted  for  the  rapid 
passage  over  them  of  a  heavy  moving  load,  such  as  a  railway  train ; 
for  in  the  case  of  bridges  of  moderate  span,  the  moving  load  is  large 
^  proportion  to  the  weight  of  the  bridge ;  and  the  cables,  accordingly, 
^^ly  alter  their  curvature  with  the  varying  distribution  of  the  moving 
load,  producing  injurious  oscillations  in  the  roadway.  Consequently, 
^ugh  suspension  bridges  have  been  often  adopted  for  carrying  roads 
over  broad  rivers  or  deep  ravines,  as  the  traffic  on  roads  is  less 
concentrated  and  less  quickly  shifting  than  trains,  these  bridges  have 
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been  generally  regarded  as  unsuitable  for  railways.  Nevertheless,  in 
the  case  of  very  considerable  spans,  the  weight  of  a  suspension  bridge 
becomes  so  large  in  proportion  to  the  moving  load,  that  the  oscilladon 
due  to  a  passing  train  is  much  reduced;  and  it  can  be  rendered  immaterial 
if  the  precaution  is  taken  of  making  the  train  traverse  the  bridge  at  a 
slow  speed.  Thus  the  Niagara  Suspension  Bridge,  built  in  1852-55 
with  a  span  of  821  feet,  at  a  cost  of  ;^8o,ooo,  was  able  to  convey  the 
railway  and  road  traffic  safely  over  the  Niagara  River  for  forty  years, 
with  merely  the  restoration  of  its  original  wooden  platform  in  steel  in 
1 880,  and  without  injury  to  its  four  suspension  cables,  each  10  inches  in 
diameter  and  composed  of  3640  iron  wires,  and  having  a  dip  of  60  feet 
The  Brooklyn  Bridge  also,  at  New  York,  carries  two  lines  of  rope 
railways,  as  well  as  two  roadways  on  each  side  and  a  wide  central 
footway ;  and  the  Point  Bridge  at  Pittsburg  has  two  lines  of  tramways 
on  it.  The  employment,  however,  of  suspension  bridges  for  railways  is 
exceptional;  and  the  other  examples  which  ^^ill  be  described  serve 
exclusively  for  road  traffic.  Moreover,  light  suspension  bridges  in 
exposed  sites  are  liable  to  be  injured  in  severe  gales  by  the  action  of 
the  wind  on  the  roadway,  mainly  owing  to  the  vertical  oscilUtions  ■ 
produced  by  gusts ;  and  there  are  two  or  three  recorded  instances  of 
suspension  bridges  having  broken  down  under  the  stresses  produced  by 
a  troop  of  soldiers  marching  in  step  along  the  roadway. 

Original  Porm  of  Suspension  Bridges. — ^The  earliest  type  of 
suspension  bridge  of  large  span  consisted  of  chains  of  flat  iron  linb 
connected  by  bolts  (Fig.  60),  or  of  wire  cables,  anchored  at  the  two 
extremities,  passing  over  high  towers,  and  hanging  across  the  space  to 
be  spanned  between  the  towers,  from  which  the  horizontal  platform  of 
the  bridge  was  suspended,  on  each  side,  by  a  series  of  vertical  bars  or 
cables  at  equal  distances  apart.     Notable  instances  of  this  type  aic 
afforded  by  the  Menai  Suspension  Bridge,  erected  across  the  Menai 
Straits  in  1819-25,  and  the  Friburg  Suspension  Bridge,  constructed  over 
the  decj)  valley  of  the  River  Sarine  in  Switzerland  in  1832-34.    The 
Menai  Bridge  is  carried  by  sixteen  chains,  in  sets  of  four,  one  above 
tlie  other,  each  composed  of  five  parallel  rows  of  flat  iron  bars  (about 
10  feet  long,  3^  inches  wide,  and  i  inch  thick),  widened  out  at  each 
end  for  the  holes  through  which  the  connecting  bolts  pass,  from  which 
the  suspension  rods  are  hung.     These  chains  have  a  span  of  570  feet 
between  their  supports,  and  a  dip  of  43  feet;  and  the  bridge,  whid^ 
gives  a  clear  headway  for  vessels  of  102  feet  above  high  water,  cost 
^120,000  with  its  approaches.^     The  Friburg  Bridge  was  originally 
borne  by  two  wire  cables  on  each  side  of  the  roadway,  each  of  the  io^ 
cables  consisting  of  1056  wires  in  twenty  strands,  giving  it  a  diamet^^ 
of  5^  to  6  inches.'^     These  cables  have  a  span  between  ^eir  supports  <>^ 
880  feet,  and  a  dip  of  63  feet ;  and  they  were  overhauled  in  1880,  wh^^ 
two  more  cables  were  added.     The  bridge  is  at  a  height  of  167  fe^^' 
above  the  river ;  and,  owing  to  the  lightness  and  strength  of  the  wi^^ 
cables,  it  only  cost  ;^24,ooo  in  the  first  instance. 

*  **  Life  of  T.  Telford,  C.E.,"  written  by  himself,  p.  570,  and  plate  7a 

•  Antialcs  dcs  Fonts  ft  C/iaiissces,  1835  (i),  p.  3,  and  plate  9a 
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Wire    Cables    and    Flat-Link    Chains    compared.  —  The 

economy  and  lightness  secured  by  the  adoption  of  wire  cables,  led 
to  the  erection  of  numerous  roadway  bridges  across  rivers  in  countiy 
districts,  which  could  not  have  been  otherwise  provided,  and  enabled 
large  spans  to  be  resorted  to  for  crossing  rivers  and  ravines  at  a 
comparatively  early  period;  but  in  other  respects  the  flat-link  chains 
possess  some  decided  advantages.  The  chains,  made  up  of  a  series  of 
flat  bars,  can  be  readily  painted,  any  damage  quickly  observed,  and 
defective  links  replaced  by  new  ones ;  whereas  wire  cables  are  liable 
to  gradual  and  invisible  deterioration  by  rust,  especially  at  their 
anchorages,  from  moisture  penetrating  through  the  interstices  between 
the  wires,  unless  most  efficiently  protected  from  damp  on  erection; 
and  when  any  portion  becomes  damaged,  the  whole  cable  has  to  be 
renewed.  Moreover,  a  chain  of  links  can  easily  have  its  strength 
increased,  in  proportion  to  the  increase  in  the  stress  between  the  centre 
of  the  span  and  the  supporting  towers,  by  augmenting  the  number  of 
links  or  their  thickness ;  whilst  a  wire  cable  has  to  be  given  the 
maximum  strength  required  at  the  towers,  throughout  its  whole  length. 

Forms  of  Wire  Cables. — Wire  suspension  cables  are  fonned, 
either  by  binding  together  a  cylindrical  bundle  of  parallel  wires  at 
intervals,  and  fastening  several  bundles  together  for  a  large  cable;  or 
by  twisting  the  wire  into  cables  as  in  ordinar}'  ropes,  using  sometimes 
several  strands  of  wire  ropes  to  form  the  cable.  The  object  of  the 
first  system  is  to  maintain  the  tenacity  of  the  wire  unimpaired,  by 
avoiding  the  bending  of  the  wire ;  but  the  second  system  provides  a 
much  more  flexible  cable,  with  greatly  reduced  interstices,  rendering  the 
erection  easier,  and  offering  less  opportunity  for  rusting,  without 
apparently  materially  impairing  the  tenacity  of  the  wire  by  the  twisting, 
if  the  manufacture  of  the  cable  is  carefully  conducted,  and  making  the 
tension  of  the  wires  more  uniform.  Experiments,  indeed,  indicate  that  a 
cable  of  twisted  wire  is  decidedly  stronger  than  one  with  parallel  wires, 
as  well  as  more  durable. 

Suspension  Bridges  with  Auxiliary  Cables. — ^When  later  on 
suspension  bridges  were  designed  for  carrying  heavier  weights,  as  in  the 
case  of  the  Niagara  Railway  and  Road  Bridge,  and  for  still  larger  spans, 
as,  for  instance,  the  Covington  and  Cincinnati  Bridge  over  the  Ohio. 
comi)leted  in  1867,  with  a  span  of  1057  feet  between  its  supports,  and 
the  Niagara  Falls  Bridge,  erected  in  1867-69,  with  a  span  of  1268  feet, 
auxiliary  cables  or  oblique  stays  were  added,  branching  out  from  the  top 
of  the  towers  like  a  fan,  and  supporting  the  roadway  at  a  series  of  points 
for  a  considerable  distance  out  from  the  piers  (Fig.  64,  p.  141).  The 
main  cables  are  thereby  relieved  from  iiaving  to  support  the  side  portions 
of  the  span  ;  and  their  strength  is  tiius  in  a  great  measure  concentrated 
on  the  supj)ort  of  the  central  portion  of  the  bridge.  These  auxiliary 
cables  also  stiffen  the  structure  considerably,  and  reduce  the  undulations 
of  the  main  cables,  and  consequently  of  the  roadway,  resulting  fron^ 
unequal  loading  of  the  bridge,  and  rapid  variations  in  the  position  of 
the  moving  load.  When  also,  in  crossing  over  a  river,  piers  are  placed 
in  the  river  to  reduce  the  central  span,  and  moderate  side  spans  arc 
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ntroduced  between  the  piers  and  the  banks,  these  side  spans  can  be 
npported  by  the  auxiliary  cables  and  thus  balance  the  side  portions  of 
he  main  span,  and  at  the  same  time  assist  in  reducing  the  strength 
equired  for  the  anchorages  of  the  main  cables.  The  Niagara  Railway 
nd  Road  Bridge  was  provided  with  sixteen  auxiliary  cables  at  each  end, 
rhich  were  connected  with  the  anchorage  cables  at  the  top  of  the 
owers ;  but  the  thirty-eight  auxiliary  cables  over  each  tower,  supporting 
he  side  portions  of  the  central  span  of  the  Covington  and  Cincinnati 
Mdge,  support  also  each  side  span  of  281  feet;  and  the  same 
idvantageous  system  has  been  adopted  in  many  other  cases,  and 
lotably  on  a  large  scale  at  the  Brockljrn  Suspension  Bridge  (Fig.  64, 
).  141).  In  the  above  instances,  the  vertical  suspending  cables  have 
)een  continued  right  up  to  the  towers,  though  the  auxiliary  cables  in 
he  Niagara  Bridge  stretched  out  250  feet  from  the  towers  on  each  side, 
ind  in  the  Covington  and  Cincinnati  and  Brooklyn  bridges,  extend 
Hit  280  feet  and  about  400  feet  respectively ;  but  in  the  more  recent 
suspension  bridges  erected  in  France,  the  auxiliary  cables,  introduced 
iiere  for  the  first  time  in  1879,  have  been  wholly  relied  on  for 
supporting  the  side  portions  of  the  main  span,  and  also  the  side  spans ; 
tuid  the  vertical  suspending  cables  have  been  dispensed  with  along 
these  parts  of  the  bridge.  A  good  example  of  this  arrangement  is 
furnished  by  the  St.  Ilpize  Bridge,  erected  over  the  River  Allier  in  1879 
(Fig.  65),  which,  with  a  clear  span  of  224  feet  between  the  cast-iron 

SUSPENSION   BRIDQE  WITH  AUXILIARY  CABLES. 
Fig.  66.— St.  liplze  Bridge,  France. 
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towers,  has  its  roadway  supported  over  the  central  span  for  about 
50  feet  out  from  the  towers  on  each  side,  as  well  as  the  side  spans  of 
similar  length,  by  sixteen  auxiliary  wire  cables  passing  over  each  of  the 
^wers.^  The  central  124  feet  of  the  roadway  is  borne  by  the  two 
^in  wire  cables,  being  hung  from  vertical  suspension  rods  encircling 
^e  cables ;  and  this  roadway  bridge,  which  has  a  width  between  the 
parapets  of  13  feet,  cost  only  ;^28oo.  In  the  Lamothe  Bridge,  erected 
^ver  the  River  Allier  in  1883-84,  with  a  single  clear  span  of  377  feet, 
"^here  auxiliary  cables  were  also  used  for  supporting  the  ends  of  the 

*  AnnaUs  des  PofUs  et  Chaussiis^  1885  (2),  p.  662,  and  plate  51. 
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■  bridge  near  the  towers,  ihe  main  portion  of  tlie  bndge  was  carried  liy 
r  five  wire  rabies  on   each  side,  (o  enable  renewals   or   repairs  to  It 
ii"  executed  by  (be  removal  of  a  cable  withoul  stopping  tbe  traffic;  ami  ' 

Ihis  bridge,  with  a  width  of  iS  feet,  cost  ^7380. 

Examples  or  Principal  Types  of  Large  Suspension  Bridges,  ^ 
—The  two  leading  types  of  suspension  bridges,  namely,  ihe  bridao 
borne  solely  by  the  suspension  chains  or  cables  from  which  they  ut 
hung  by  vertical  suspenders,  and  the  bridges  which  are  supported  and 
stiffened  by  auxiliary  cables  as  well,  are  suitably  illustrated  by  ttie 
Clifton  Suspension  Bridge  and  the  Brooklyn  Bridge  (Figs.  60  and  64. 
p.  141).  In  both  types,  bridges  of  large  span  are  strengthened  anj 
stttfened  by  introducing  longitudinal  girders  in  the  roadway  as  parapets, 
or  as  divisions  between  the  roadways  and  the  footpaths,  which  distribuie 
any  unequal  load  between  several  suspension  rods  or  cables-  I 

The  Clifton  Suspension  Bridge  stretches  across  the  gorge,  bordered 
by  sleep  cliffs,  through  which  the  River  Avon  flows  below  Bristol,  wIlS  | 

■  a  span  of  701  feet  between  the  supports  of  its  chains,  and  at  a  heigfal  of  , 
148  feet  above  high  water  in  the  river.'    The  bridge,  31  feet  inwidtk. 
is  carried  by  three  chains  on  each  side,  having  a  dip  of  70  feet,  the  liro 
sets  of  superposed  chains  being  10  feet  apart ;  and  the  chains,  compoKd    , 
of  rows  of  links,  24  feet  long  in  the  centre  of  the  span  where  they  arc    ■ 
horizontal,  and   increasing  in  length  in  proportion   to  the  increaiiag 
inclination  of  the  chains  towards  the  towers,  have  a  total  secUonal   1 
area  of  440  square  inches  in  the  centre,  increasing  to  4S1  square  Jncbc* 
at  Ihe  towers,  the  horiiontal  strain  at  the  centre  of  the  span  tiaving  been 
estimated  at  1094  tons,  with  the  assumed   maximum  moving  load  of 
70  lbs,  per  square  foot,  or  600  tons,  on  the  bridge.     The  joints  of  ibt 
three  chains  in  each  tier  are  so  arranged  in  relation  to  each  other,  iW 
the  suspension  tods,  about  2  square  inches  in  section,  attached  in 
succession  to  the  4|-inch  bolts  connecting  the    links   in  each  of  Ik 
three  chains,  are  evenly  spaced  about   8  feet  apart  right  along  ll* 
bridge,  over  the  girder  parapets  of  the  roadway,   to  which  they  Mt 
fastened.     The  chains  are  supported  over  the  towers  by  wrought-ifon    . 
saddles  resting  on  cast-steel  rollers,  to  allow  for  the  movements  dw    I 
to  changes  of  load  and  temperature ;  and  they  are  thence  carried  doW 
to  massive  tmdergrouud  anchorages  on  each  side,  each  chain  being 
fastened  to  a  large  cast-iron  anchorage  plate  bedded  upon  a  brick  ard 
bearing  against   solid  rock.     The  erection  of  the  bridge  was  canied 
out  in  1863-64, the  towers  having  been  built  many  years  before;and 
the  chains  were  put  together  across  the  gorge  on  a  suspended  platfoim 
borne  by  eight  iron-wire  ropes,  six  underneath  the  planking,  and  two 
above  at  the  sides,  serving  also  as  handrails.    On  completion,  the  britlg* 
was  tested  by  placing  on  it  a  distributed  load  of  500  tons  of  stoM 
which  produced  a  temporary  deflection  of  7  inches  in  the  centre.    The 
maximum   moving  load  on  the   bridge   is  three-eighths  of  the  toul 

I  suspended  load  with  the  bridge  fully  loaded.  The  bridgt:  i>B^ta| 
exposed  to  strong  gales  blowing  along  the  gorge,  which  ill^tM^H^I 
I  '   PfMtlJingt  Itat.  C.E..  vol.  ixvl.  Ji.  143<  0<>*1  plate  10.  ^^^^| 
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ie   roadway   laterally,  and    also    the    land    chaitm,  and   produce  a 
Eitical  uodulation  of  the  roadway  which  has  been  estimated  to  have  a   . 
taxiniuiu  range  of  about  one  fool,  ■ 

Tbe  Pest  Suspension  Bridge,  erected  across  the  Danube  in  1843-49,  I 
MS  a  ceoual  span  of  685  feet,  and  tno  side  spans  of  397  feet ;  and  it 
S  carried  by  four  chains,  each  formed  of  rows  of  ten  and  eleven  bars 
lltemately,  the  bars  being  ti  feet  long,  and  increasing  in  thickness  from 
l'^  inches  at  the  centre  to  i^  inches  at  the  towers.  The  Kieff 
Sospension  Bridge,  erected  in  1848-53  across  the  I^nieper,  has  four 
spans  of  440  feet,  and  two  side  spans  of  225  ^^^^  ■  ^"<i  ■'*  roadway  is 
siispei>ded  from  four  chains  composed  of  eight  rows  of  bars,  12  feet  | 
long,  1 1  inches  wide,  and  i  inch  thick.' 

The  Brooklyn  Suspension  Bridge,  erected  over  the  East  River  in  I 
1870-83  for  connecting  Brooklyn  with  New  York,  has  a  central  span  of  ' 
1 5955  feet  between  the  supports  of  the  cables  on  the  lowers,  affording  a 
headway  in  the  centre  of  135  feet  above  high  water,  and  two  side  spans 
of  9JO  feet  between  the  centres  of  the  piers  and  the  face  of  the  abut- 
ents  (Fig,  64,  p.  r4i).'  The  roadway,  85  feet  in  width,  comprising 
central,  elevated  footway,  two  wire-rope  railways,  and  two  carriage- 
Ihe  outer  sides  (Fig,  66),  is  home  by  four  galvanized  steel-wire 
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tables,  15^  inches  in  diameter,  having  a  dip  of  138  feet,  and  by  one 
Imiidied  and  eight  auxiliary  cables  passing  over  each  of  the  towers,  and 
nnnected  to  the  roadway  of  the  side  spans  and  the  adjoining  side 
ponioiw  of  the  roadway  of  the  central  span.^  On  the  completion,  in 
i6j5,  of  the  river  piers  and  the  towers  built  upon  them,  rising  277  feet 
iKn  high  water,  a  continuous,  travelling  wire  rope  was  passed  over  the 
tnrtrs,  and  stretched  across  the  river,  by  means  of  which  a  suspended 
plwform  was  constructed,  on  which  the  strands  of  the  main  cables  were 
Iwd  logcther  in  succession,  and  the  suspenders  eventually  fastened 
ffom  which  the  roadway  was  hung.  The  auxiliary  and  suspending 
<^blei  on:  made  of  wires  twisted  together  :  but  the  four  main  cables  are 
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the  abutment  of  the  bridge  on  each  bank.  The  roadway  is  s 
by  six  longitudinal  trusses  running  the  whole  length  of  the  brie 
of  them  forming  the  outer  parapets  of  the  carriage-wa)rs,  and  i 
main  ones  going  along  each  side  of  the  two  rope  railwa3rs  (] 
p.  145) ;  and  the  cross  girders,  7^  feet  apart,  carrying  the  roadw 
fastened  to  the  undersides  of  the  longitudinal  trusses.  Tl 
weight  of  the  bridge  is  14,680  tons,  and  the  moving  load  on 
tons,  little  more  thaii  one-sixth  of  the  total  load ;  whilst  the  dc 
moving  loads  of  the  central  span  are  6740  tons  and  1380  tons 
lively,  the  latter  being  rather  more  than  one-sixth  of  the  total  loa< 
total  length  of  the  bridge,  including  2533^  feet  of  approaches, 
feet,  or  about  i  mile  236  yards ;  and  the  cost  of  the  brid 
;£2,437,5oo,  exclusive  of  land. 

A  new  suspension  bridge  is  in  course  of  construction  across  t 
River,  with  a  central  span  of  1600  feet  between  the  centre  of  the 
a  width  of  no  feet,  and  giving  a  headway  in  the  centre  of  the  : 
155  feet  above  the  river.  The  bridge  is  supported  by  four  st 
cables,  17^  inches  in  diameter,  formed  of  thirty-seven  strands 
wires  each ;  and  it  is  anticipated  that  this  bridge  will  be  comp] 
1905,  at  an  estimated  cost  of  ;£"  1,600,000. 

Stiffened  SaspenBion  Bridges. — ^The  want  of  rigidity  wl 
old  forms  of  suspension  bridges  necessarily  exhibit,  has  been  to 
extent  remedied  by  stiffening  the  roadway  with  longitudinal  gir 
in  the  Clifton  Bridge,  and  with  the  assistance  as  well  of  auxiliary 
or  sloping  stays  in  the  Niagara,  Cincinnati,  Brooklyn,  and  other  1 
Whilst,  however,  longitudinal  trusses  of  some  form  have  general 
adopted  in  the  more  modem  suspension  bridges  of  any  importa 
stiffening  the  roadway,  other  systems  of  increasing  the  rigidit 
occasionally  been  resorted  to  in  place  of  auxilia^  cables.  *! 
Lambeth  Bridge,  erected  across  the  Thames  in  1S62-63,  ^'itl 
clear  spans  of  268  feet,  at  a  cost  of  ;^48,ooo,  the  latticed  frames 
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uspcnders  appear  to  have  been  designed  ratber  like  struts  than  : 
cnsioa  bars ;  and  the  ban  employed  for  the  bracing,  especially  where 
bey  teach  a  considerable  length  nc^r  the  towers,  are  not  well  adapted 
to  act  as  struts;  and  the  bridge  therefore  is  not  in  a  condition  to  bear 
Ihe  full  load  of  a  crowd  upon  it.  The  rebuilding  of  the  bridge 
consequenily,  in  contemplation. 

la   the  Francis- Joseph  Bridge,  erected  over  the  River  Moldau  at  j 
Prague,  with  a  centra!  span  of  492  feet  between  the  supports 
lowers,  and  two  side  openings  of  156  feet,  completed  in  1868,  the 
system  of  sloping  stays  lias  been  extended  so  as  to  constitute  the  main 
supports  of  the  bridge,  with  the  object  of  augmenting  the  rigidity  of  the 
stnicture.*    These  stays,  six  in  number  on  each  half  of  the  central  span, 
are  formed  of  flat  links,  14  feet  long,  4  inches  broad,  and  i  inch  thick, 
being  supported  at  their  joints  by  suspenders  from  an  upper  curved  1 
chain  on  each  side,  whose  only  function  is  to  keep  the  long  stays  in  a  ' 
Hraight  line,  as  the  roadway  is  supported  by  the  straight  stays  at  equal 
intervals  of  about  83  feet  (Fig.  6z,  p.  141}.     In  the  spaces  between  the 
I   33^^  the  roadway,  31  feet  in  width,  is  borne  by  a  continuous  longi' 
I    ttniinal  girder  on  each  side,  to  which  the  stays  are  attached.     Owing  to 
ihc  distance  apart  of  the  points  of  support  in  this  bridge,  as  compared 
with  the  intervals  between  the  suspension  rods  in  ordinary  suspension 
biidges,  the  girders  had  to  be  made  specially  strong,  which,  however, 
adds  to  the  stilTaess  of  the  bridge.     As  only  two  stays  are  required  for   I 
sipporting  each  of  the  side  spans  in  the  centre,  the  other  four  stays   , 
pasting  over  each  tower,  together  with  the  upper  supporting  chains,  are 
orricd  down  direct  to  shore  anchorages  on  each  bank.     The  total  cost 
o'the  bridge,  including  land,  was  £57,000. 

The  Albert  Bridge,  built  over  the  Thames  at  Chelsea  in 
■ith  a  central  span  of  400  feet  between  the  supports  on  the  towers,  and 
'wo  side  spans  of  155  feet  beoveen  the  centre  of  the  piers  and  the  face 
ofihc  abutments,  though  similar  in  type  to  the  Francis-Joseph  Bridge 
in  being  borne  by  oblique  stays  of  flat  bars,  with  supporting  upper  wire 
allies  6  inches  in  diameter,  differs  from  this  bridge  in  some  important 
piticulars.*  Though  the  main  span  of  the  Albert  Bridge  is  92  feet  less 
lian  in  the  previous  bridge,  the  stays  on  each  side  are  in  groups  of  four 
uatead  of  three,  and  the  centre  of  the  continuous  girder  on  each  side  of 
Ibe  bridge  is  contieeted  with  the  curved  upper  cable ;  whilst  the  suspen- 
noD  rods  from  this  cable,  20  feet  apart,  for  supporting  the  stays,  are 
oRitid  down  to  the  longitudinal  girder  (Fig.  61,  p.  141).  The  points  of 
wpport,  accordingly,  of  this  bridge  afforded  by  the  stays,  are  only  40  feet 
)[>ut,  instead  of  the  82  feet  in  the  Prague  bridge ;  and  as  these  stays 
"olj  extend  out  1 10  feet  from  the  centre  of  the  piers  along  the  main 
fffn,  ihcy  arc  all  counterbalanced,  and  serve  to  support  the  side  spans 
ly  being  similarly  attached  to  the  longitudinal  girders  on  the  land  si ' 
ol  ihc  towers.  Anchorage  chains  and  anchorages  for  the  stays  are,  ci 
''tueiitljr,  dispensed  with ;  and  the  two  curved  supporting  cables  are  I 
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also  fastened  to  the  ends  of  the  longitudinal  girders,  so  that  vertical 
anchorages  only  have  been  provided  for  keeping  down  the  ends  of  the 
girders  when,  with  the  central  span  loaded  and  the  side  spans  unloaded, 
they  tend  to  rise.  The  cost  of  this  bridge,  with  its  approaches,  appears 
to  have  amounted  to  the  very  large  sura  of  ;£■!  43,000. 

Both  the  Albert  and  Francis-Joseph  bridges  are  relieved  from  tbc 
undulations  resulting  from  the  deflections  of  the  chains  or  cables  in  th( 
ordinary  suspension  bridges,  in  so  far  as  the  stays  can  be  kept  straight 
and  they  approximate  in  principle  to  the  upper  portion  of  a  cantilevei 
bridge.  The  Albert  Bridge  possesses  the  advantage  of  supporting  th< 
longitudinal  girders  at  much  closer  intervals  than  the  other,  and  ii 
more  efficiently  braced,  with  its  more  numerous  stays  and  prolongec 
suspension  rods  ;  whilst  it  presents  more  similarity  to  suspension  brid^ 
with  auxiliary  cables,  of  the  types  of  the  St.  Ilpize  and  Brooklyn  bridges 
than  the  Francis-Joseph  Bridge  does. 

Stiffened  Saspension  Chains. — Another  plan  of  stiffening 
suspension  bridges  consists  in  stiffening  the  chains  themselves,  so  a.< 
to  render  them  less  subject  to  deflection  under  moving  loads.  Thii 
has  been  effected  by  putting  one  chain  a  little  distance  above  anotbei 
chain,  and  bracing  the  two  chains  together  vertically,  like  the  uppa 
and  lower  members  of  the  rib  of  an  arch  inverted,  such  as  the  arch  ol 
Stony  Creek  Bridge  (Fig.  52,  p.  132) ;  and  it  has  also  been  accomplished 
by  constructing  two  suspended  trusses  on  the  chain,  sloping  down  from 
the  towers  and  hinged  together  in  the  centre  of  the  span,  with  each 
half  of  the  chain  as  the  bottom  member  of  the  truss  (Fig.  63,  p.  141). 

The  first  system  was  adopted  for  two  railway  bridges  crossing  the 
Danube  Canal  at  Vienna,  with  a  clear  span  of  255  feet,  built  in  i860 
and  1864  respectively;  the  two  chains  on  each  side  being  placed  about 
4  feet  apart,  and  connected  vertically  by  Warren  bracing,  as  in  the 
Stony  Creek  Bridge.  Some  error  was  made  in  testing  the  strength  of 
the  metal  used  for  the  first  bridge,  which,  consequently,  was  made  too 
light,  and  was  replaced  by  an  arched  bridge  in  1884;  but  the  Aspern 
Bridge,  erected  four  years  later,  was  duly  proportioned  to  the  real 
strength  of  the  metal,  and  proved  satisfactory. 

In  the  bridge  erected  over  the  Monongahela  River  at  Pittsburg 
Point  in  1875-77,  with  a  span  of  800  feet  between  the  supports  on  the 
towers,  and  two  side  openings  of  145  feet  span,  the  link  suspension  chains 
have  been  stiffened  by  building  trusses,  22  feet  high  in  the  middle,  on 
each  half  of  the  chains  after  their  erection.*  The  chains  are  fonned 
of  sets  of  II  to  14  flat  bars,  20^  feet  long,  8  inches  wide,  and  froD> 
I  to  2  inches  thick,  with  a  dip  of  83  feet,  anchored  direct  from  the 
saddles  on  the  towers,  180  feet  above  low  water,  down  to  the  abutments, 
by  chains  of  12  and  13  bars  alternately,  as  the  side  openings  arc 
spanned  by  independent  lattice  girders ;  and  the  chains  were  made  oi 
sufficient  strength  to  support  the  unloaded  roadway  alone,  the  trussing 
being  added  to  provide  for  the  moving  load.  The  straight  upper  member 
of  the  truss,  forming  the  chord  to  the  curve  of  each  half  chain,  is  ol 

*  Engintering  News^  New  York,  vol.  iii.  p.  220 ;  and  vol.  iT.  p.  89. 
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inverted  channel  shape,  and  is  connected  to  the  chain  at  the  points 

601D  which  the  suspenders  are  hung,  by  rectangular  and  diagonal 

bzadng;  whilst  every  fifth  suspender  is  stiffened  (Fig.  63,  p.   141). 

Tbe  trusses  are  also  braced  together  transversely,  to  stiffen  them  against 

wind-pressure.     When  the  central  span  of  the  bridge  was  tested  with  a 

fiill  complement  of  loaded  carts  and  people,  weighing  altogether  474 

tons,  there  was  a  deflection   of  only  4  inches  in  the  centre;   and 

with  the  test  load  on  only  half  the  span,  the  maximum  deflection  of  the 

loaded  half  was  2^  inches,  and  the  maximum  rise  of  the  other  half 

was  i-^  inches.     The  bridge  carries  a  central  roadway  21  feet  in  width, 

and  a  footway  on  each  side  6^  feet  wide;   and  accommodation  is 

provided  on  the  roadway  for  two  lines  of  tramway,  and  a  track  for  a 

narrow-gauge  railway.      The  total  length  of  the  bridge  is  1245  feet; 

and  its  cost  was  ;;^io9,375. 

Stiffened  suspension  chains  have  also  been  employed  for  supporting 
the  side  spans  of  the  Tower  Bridge,  270  feet  in  width  (Fig.  loi,  p.  185).* 

Provision  for  MoYement  of  Chains,  and  iq^ainst  Wind. — 
The  motion  of  the  chains  or  cables  over  the  towers,  owing  to  alterarions 
in  curvature  due  to  the  moving  load  or  changes  in  temperature,  are 
generally  provided  for  by  placing  the  supporting  saddles,  on  the  top  of 
the  towers,  on  cast-iron  frames  borne  on  rollers,  so  that  they  move  with 
the  chains  or  cables.  In  the  St.  Ilpize  Bridge,  the  movement  was 
allowed  for  by  placing  the  saddles  upon  rocking  frames  with  a  curved 
base.  With  a  suspension  bridge  having  several  spans,  the  motion  is 
iocreased  when  one  span  happens  to  be  fully  loaded  and  the  other 
spans  unloaded.  At  Lambeth  Bridge,  this  disadvantage  was  obviated 
by  fixing  the  cables  on  the  top  of  the  towers,  thereby  introducing  the 
more  objectionable  result  of  making  the  cables  exert  a  longitudinal 
pull  upon  the  towers  when  the  bridge  is  unequally  loaded. 

Owing  to  the  lightness  and  flexibility  of  suspension  bridges,  their 
roadways  have  not  unfrequently  been  injured,  in  very  exposed  situations, 
by  exceptional  gales.  Thus  the  roadway  of  the  Menai  Sus[x;nsion 
Bridge  was  rendered  impassable,  and  several  of  the  suspension  rods 
were  broken,  by  a  storm  in  January,  1839;  the  roadway  of  the  Roche- 
Bernard  Bridge  over  the  river  Vilaine  in  France,  supported  by  four 
wire  cables,  with  a  span  of  651  feet  between  their  supports  and  a  dip  of 
50  feet,  was  wrecked  during  a  gale  in  October,  1852  ;  and  the  roadway 
of  the  Niagara  Falls  Bridge,  190  feet  above  the  river,  was  carried  away 
by  a  tornado  in  January,  1889,  leaving  the  steel-wire  cables  and  their 
anchorages  uninjured,  the  bridge  having  been  rebuilt,  with  new  cables 
and  two  steel  trusses,  1 2  feet  deep,  for  carrying  the  roadway,  in  place 
of  wood,  in  the  previous  year.  The  wind,  rising  from  below  in  jf  gorge, 
relieves  the  chains  to  some  extent  of  the  weight  of  the  roadway,  and 
produces  undulations  in  a  light  platform,  which  attain  their  maximum 
about  halfway  between  the  piers  and  the  centre  of  the  span ;  and  also, 
^en  blowing  straight  along  a  narrow  gorge,  it  causes  a  slight  sideways 
deflection  of  the  bridge.     In  some  cases  these  movements  have  been 

*  proceedings  Inst.  C.E.,  vol.  cxxvii.,  plate  i.  fij;.  i. 
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[  provided  against  by  attaching  a  series  of  oblique  cables  to  the  undenid; 
of  the  roadway  at  intervals,  fastened  at  the  other  ends  to  ihe  pien  rf  | 
Ihe  bridge,  or  to  the  rocky  sides  of  the  gorge  when  the  headway  ii 
ample,  as  fbr  instance  at  the  Niagara  suspension  bridges,  or  by  counttf 
cables,  as  added  in  the  restoration  of  the  Roche-Bernard  Bridge,  ixA 
also  by  lateral  cables  on  each  side  in  a  horizontal  plane.  SomeOmct 
the  suspending  cables  have  been  placed  further  apart  over  the  lowen 
than  in  the  centre  of  the  span,  as  for  instance  at  the  Covington  aod 
Cindnoati  Bridge,  where  the  two  cables,  i  foot  in  diameter,  are  59  fed 
apart  over  the  towers  and  converge  towards  the  centre  of  the  middle 
span,  where  they  are  only  36  feet  apart.  The  stiffening,  however,  of 
the  roadway  by  longitudinal  trusses  together  witli  strong  decking,  and 
wind-ties  of  wire  cables  inserted  under  the  roadway,  as  at  the  Brooklp 
Bridge,  furnish  more  satisfactory  jiroteclion  against  injuries  by  gales. 

Remarks  on  Suspension  Bridgea — In  several  instances,  siu- 
pension  bridges  have  rendered  the  important  sen-ice  to  engineering  1^ 
enabling  larger  spans  to  be  surmounted  than  previously  achieved,  and 
in  places  where  other  forms  of  bridges  would  at  the  time  have  been 
deemed  impracticable,  of  which  the  Menai,  Friburg,  Covington  and 
Cincinnati,  Niagara  Falls,  and  Brooklyn  have  furnished  examples  in 

■  succession  ;  whilst  for  many  years  the  Niagara  Railway  and  Road 
Bridge  was  the  bridge  of  much  the  largest  span  traversed  by  trains. 
Though,  however,  the  great  progress  effected  in  the  design  of  bridgOi 
under  the  stimulus  of  the  Increasing  requirements  of  railway  construction, 
and  with  the  assistance  of  the  greatly  cheapened  production  of  stcel> 
together  with  the  unsuitability  of  ordinary  suspension  bridges  for  rail- 
way traffic,  and  the  important  repairs  of  roadways  and  renewals  rf 
I  cables    found    necessary    in    many    of  these  bridges,    have   depriwd 

■  suspension  bridges  of  iheir  former  commanding  position,  so  that  ibt 
second  railway  bridge  erected  over  the  Niagara  rapids  was  a  cantilevo, 
the  old  Niagara  Bridge  has  now  been  replaced  by  an  arched  bridgC) 
and  the  great  span  of  the  Brooklyn  Bridge  has  been  exceeded  by  the 
cantilevers  of  the  Forth  Bridge,  it  would  be  a  mistake   to  suppoK 
that  the  construction  of  suspension  bridges  is  a   thing  of  the  put- 
Undoubtedly,  the  serious  weakening  of  wire  cables  by  internal  ruSi 
leading  lo  the  fall  of  some  road  suspension  bridges  in  France  and  the 
insecurity  of  others  many  years  ago,  caused  the  abandonment  of  thcK 
bridgesfora  time  there;  but  in  1879  the  construction  of  cable suspcnsuv 
bridges  in  France  was  again  commenced  on  improved  methods,  securing 
better  protection   for  the  wires,   supporting  the  bridge  from  seve»l 
detachable  cables  of  improved  manufacture,  separating  the  anchorage 
cables   from   the   suspending  cables  at  the  towers,   so   that  one  of 
^^_     either  could  be  removed  and  renewed   independently,  and  making 
^^L    the  anchorages  themselves  open  to  inspection,  and  putting  lliem  ou< 
^^^k  of  reach  of  damp.     In  the  United  States  also,  though  in  several  casS 
^^Hjrsuspension   bridges  have  been   replaced  by  more  rigid  and  durable 
^^^VBtnicturcs,  nevertheless,   where  fimds  are   limited,   cable   suspension 
^^^F  bridges  are  still  being  constructed,  as  for  example  the  bridges  erected 
^^B^  across  the  Ohio  in  1896  at  East  Liverpool  and  Rochester,  the  roadway 
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cases  being  suspended  from  wire  cables,  and  stiffened  with  deep 
iinal  girders.  The  East  Liverpool  Bridge  has  a  central  span 
feet,  and  side  spans  of  420  and  360  feet ;  and  the  girders,  20 

depth,  are  connected  with  the  cables  at  intervals  of  15  feet, 
est  as  usual  upon  saddles  on  the  towers  home  on  rollers,  the 
lon  of  the  girders  being  provided  for  at  the  towers.*  The 
ter  Bridge,  the  cost  of  which  was  limited  to  about  ;^36,5oo, 
ing  the  erection  of  a  rigid  bridge,  has  a  central  span  of  800  feet, 
e  spans  of  416  and  400  feet;  but  in  this  case  the  wire  cables 
istened  on  the  top  of  the  towers;  and  the  expansion  of  the 
ig  girders,  28  feet  in  depth  at  the  towers  and  18  feet  at  the 
3f  the  large  span  and  at  the  ends,  is  provided  for  in  the  middle 
the  ends,  these  unusual  arrangements  having  been  resorted  to 
e  view  of  giving  greater  stiffness  to  the  bridge.' 
Iges  with  stiffened  chains,  such  as  the  Pittsburg  Point  Bridge, 
>  be  simple  suspension  bridges  with  all  the  parts  in  tension ;  for 
«r  member  of  the  truss,  though  in  tension  when  only  the  other 
in  is  loaded,  is  in  compression  when  the  half  span  it  supports  is 
(Fig.  63,  p.  141).  Bridges  also  of  the  tjrpe  of  the  Francis-Joseph 
Ibert  brieves  (Fig.  61  and  62,  p.  141)  approximate  almost  as 
3  cantilevers  as  to  suspension  bridges ;  and  in  so  far  as  rigidity 
ed  in  a  suspension  bridge,  there  is  a  corresponding  approach  to 
t  of  a  rigid  bridge.  In  some  cases,  moreover,  an  arched  bridge 
ig  from  near  the  base  of  a  cliff,  can  cross  a  ravine  with  such  a 
tnaller  span  than  a  suspension  bridge  at  the  top,  that  the  arched 
may  prove  the  most  economical,  as  for  instance  the  Niagara 

Bridge  (Fig.  54,  p.  132),  which  provides  double  the  width  of 

and  roadway  afforded  by  the  old  Suspension  Bridge,  at  an 
id  expense  of  only  between  one-third  and  one-fourth  of  the  first 
the  original  bridge. 

ire  are,  however,  many  sites  where,  owing  to  the  unfavourable 
ms  and  the  smallness  of  the  traffic,  the  cheapness  obtained  by 
)ension  system  is  almost  indispensable,  of  which  the  tourist  road- 
idge  below  Niagara  Falls  furnished  for  nearly  twenty  years  a 
example,  having  been  rebuilt  exactly  as  before  after  the 
Ig  of  the  roadway  by  the  storm  of  January,  1889,  though  at  last 
ded,  in  1898,  by  an  arched  steel  bridge  of  840  feet  span  (Fig.  56, 
;  and  the  suspension  bridges  recently  erected  across  the  Ohio, 
I  to  above,  are  notable  instances  of  the  value  of  the  system, 
'er,  both  metal  arch  and  suspension  bridges  possess  the 
Lges  over  ordinary  girder  bridges,  of  being  capable  of  erection 

scaffolding,  by  building  out  in  the  one  case,  and  by  the  aid  of 
nded  platform  in  the  other,  and  of  having  their  heaviest  portions 
\  their  supports. 

*  Engineering  News^  New  York,  vol.  xxxvii.  p.  198, 
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CHAPTER   X. 
GIRDER  BRIDGES. 

(lirders  independent  structures — Bowstring  girders,  form,  examples — GHrdw 
Bridges  over  Single  Openings :  classification  of  girders  ;  simple  beam, 
bending  moments,  breaking  weights  ;  girders,  proper  arrangement  of 
materials,  variations  in  bending  moment,  in  shearing  stresses,  ftinctions 
of  flanges  and  web  or  latticed  bracing ;  calculation  of  stresses,  in  flanges, 
in  bracing  ;  girder  bridges  of  small  span,  forms  adopted,  provision  for 
expansion  and  contraction  ;  lenticular  girder  bridge,  form  of,  Saltasb 
Bridge  ;  tubular  girders,  Conway  Bridge,  Britannia  Bridge,  objections ; 
lattice-girder  or  truss  bridges  of  large  span,  forms  of,  provisions  for 
unequal  loading,  steel  for  reducing  weight,  riveted  connections,  pin 
connections,  best  forms  for  struts,  depth  in  relation  to  span,  weights  of 
various  forms ;  large  pin-connected  girders,  Covington  and  Cincinnati 
Bridge,  Hawkesbury  Bridge  ;  erection  on  scaffolding,  with  the  aid  of 
temporary  girders,  by  floating  out — Continuous -Girder  Bridgei: 
stresses  ;  advantages,  Lachine  Bridge  ;  erection  by  rolling  out,  Boobk 
and  Credo  viaducts. 

Girders,  unlike  arches  or  suspension  cables,  need  no  extraneous 
support  in  the  form  of  abutments  or  anchorages,  but  merely  rest  upon 
their  piers  at  each  end.  Single  gu^ers,  however,  require  scaffolding  or 
supports  for  their  erection ;  and,  consequently,  they  are  not  suitable  for 
crossing  valleys  at  a  considerable  height,  or  for  spanning  deep  ravines, 
which,  as  indicated  in  the  last  chapter,  have  been  satisfactorily  efiiectcd 
by  metal  arches  and  suspension  bridges. 

Bowstring  Girders. — The  form  of  girder  to  which  the  term  "bow- 
string "  is  applied,  is  in  reality  a  metal  arch,  in  which  the  thrust  is  borne 
by  a  horizontal  tie  joining  the  two  ends,  constituting  the  string  of  tbc 
bow,  which  converts  the  arch  into  a  self-contained  structure  resting 
upon  its  supports  at  each  end,  and  no  longer  needing  abutments  to  bear 
the  thrust.  The  roadway  in  this  case  is  generally  suspended  from  tbc 
arch ;  and  light  bracing  is  introduced  between  the  verticals,  to  provide 
for  the  unequal  distribution  of  the  load.  The  Newcastle  High-level 
Bridge,  which  carries  a  railway  above  and  a  roadway  below,  is  a  good 
example  of  a  cast-iron  bowstring-girder  bridge,  having  six  spans  of 
125  feet  raised  83  feet  above  high  water,  which  was  opened  in  1849- 
This  type  of  girder  is  unsuitable  for  large  spans,  and  is  now  rarely  used; 
but  the  principle  is  sometimes  resorted  to  for  station  roofis,  of  which  the 
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pie  is  the  roof  of  Si.  Pancras  Slalion  in  London,  which  has  I 
ipedcd  span  of  240  feet,  and  a  clear  height  in  the  centre,  above  1 
form  level,  of  96  feet,  where  the  ties  counteracting  the  thrust  of  I 
I  pass  undei  the  lines  of  railway  and  platforms,  consisting  of  thefj 
supporting  the  floor  of  the  station  over  the  cellarage  below.' 


Girder  Bridges  over  Single  Openings. 

Girders  must  be  separated  into  two  distinct  divisions,  namely,  girden 

looss  single  openings,  and  continuous  girders  spanning  two  or  more 

I    openings.     The  firet  form  of  girder  is  constructed  according  to  a  variety 

of  types,  rising  from  a  simple  beam  with  a  small  span,  up  to  braced 

'    gin^  of  considerable  depth,  spanning  openings  reaching  a  maKimum 

'    vidtb  of  between  500  and  600  feet, 

Simple  Beam. — When  a  horizontal  beam  AB  is  supported  at  its  two! 
I    Mimuties  A  and  B,  and  is  loaded  with  a  weight  W  at  any  point  C,  the 

I  boMfiiig  moment  at  C,  due  solely  to  this  weight,  is  M  =  W"        „      ,  and 

I'  amyolherpointD  of  the  beam,  between  BandC,  is  m  =  W*      .^  — - 

Tile  bending  moment  M  becomes  a  maximum  when  AC  =  BC,  or  the 
point  C  and  the  load  W  are  in  the  centre  of  the  span,  and  M  =  iWI,, 
wliete  L  =  AB;  and  in  this  case,  if  the  distance  of  any  other  point  D 
from  the  nearest  support,  or  BD,  is  x,  then  the  bending  moment  at  D 
a  w  =  ^W*,  and  diminishes  uniformly  from  ^WL  at  the  centre  of  the 
!i]aii  to  zero  at  the  supports.  When  the  load  W  is  uniformly  distributed, 
;    M  becomes  JWX,  or  iwL',  where  vi  is  the  weight  per  unit  of  length ; 

ind  M  is    -   • ' — -.  D- —  at  any  point  D,  or  Jwj.-(L  —  x),  the  bending 

I    moments  on  the  beam  varying,  as  shown  by  the  shaded  portion  AEB, 

(Fig,  67),  from  a  maximum  JWL 

in  the  centre  of  the  span  to  zero 
I    H  Ifae  supports  at  A  and  B. 
I        Tie  breaking  weight  in  cwts. 

^■lumiontal,  rectangular  beam, 

npponed    at    each     end    and 

canyiog  a  distributed   load,  is 
.       .       ,      ,         ,     8KBD^ 

B»Oi  by  the  formula    — j—    , 

•here  B  is  the  breadth,  D  the 

ilepih,  and  L  the  length  of  the 

'xan  in    inches,    and    K.   is   a 

tocfticicnt  varying  with  the  nature  of  the  material,  being  68  for  wrought 

ittm,  la  for  African  oalc  and  15  for  English  oak,  13  to  10  for  pme,  and 

"Jy  7  for  elm."     The  formula  shows  the  importance  of  depth  * 

iKtm  for  in<nvasing  its  strength;    for  whereas  two  beams  of  similar 


'  PttmUnp  tm*t.  C.E.,  vol  m.,  plalc  8,  fig.  1. 
'  "  POcktt-toolc  of  Uicfa]  KoraiiiliEnndMernotiindo.' 
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breath  and  depth,  laid  side  by  side,  have  double  the  strength  of  a  angle  '| 
beam,  a  beam  of  tht  same  breadtli,  but  double  the  depth,  is  four  tima 
Its  strong  as  the  original  beam,  though  the  amounts  of  material  in  ihe 
I   two  beams  and  in  the  deep  beam  are  the  same. 

I  Olrders. — The  arrangement  of  the  malerial  in  a  rectangular  btaa 

is  unfavourable  for  the  strength  of  the  beam,  for  its  resistance  to  the 
bending  moment  does  not  merely  depend  on  its  sectional  area,  bill  OB 
its  sectional  area  raultiphed  by  the  square  of  the  radius  of  gyration,  OT 
its  moment  of  inertia.  Now,  the  radius  of  gyration  is  the  distajia  of 
the  centre  of  gravity  of  the  section,  on  each  side  of  the  neutral  lib, 
I  from  this  central  axis  ;  and  therefore  the  strength  of  the  beam  or  ginJef 
I  is  increased  by  putting  the  mass  of  the  section,  on  each  side  of  tbe 
neutral  axis,  as  far  from  the  centre  as  practicable.  This  is  effected  in 
wooden  trusses  by  putting  tlie  main  longitudinal  timbers  at  the  top 
and  bottom  of  the  truss,  and  connecting  them  together  by  wooden 
struts  and  iron  tie-rods;  but  it  is  more  thoroughly  accomplished  iD 
wrought-iron  or  steel  girders,  where  the  mass  of  the  metal  is  concen- 
trated in  the  top  and  bottom  flanges,  as  far  as  possible  from  the  neutral 
I  asis.  These  flanges  usually  consist  of  a  set  of  long,  thin,  flat  pliia 
riveted  together  and  placed  horizontally;  and  in  small  girders,  the 
flanges  are  kept  apart,  and  depth  thus  given  to  the  girder,  by  a  veitioi 
web-plate  connected  to  the  flanges  at  the  top  and  bottom  by  angle-irom, 
which  strengthen  the  flanges  (Figs.  69-72,  p.  158) ;  whilst  in  luge 
girders,  the  function  of  the  web  is  performed  by  various  systems  ol 
lattice  work,  composed  of  stmts  and  hars  united  to  channel-shaped 
flanges  by  rivets  or  bolts  (Figs.  74-77,  p.  160), 

The  bending  moment  of  a  uniformly  loaded  girder  is  a  maximumiD 
the  centre  of  the  span,  and  diminishes  towards  the  piers,  according  to 
the  formula  given  on  p.  153  for  a  beam,  and  as  indicated  in  F^.  fij. 
Consequently,  the  sectional  area  of  the  flanges  must  be  made  kignliil 
the  centre  of  the  girder,  and  may  be  gradually  reduced  towards  tbt 
ends  by  diminishing  the  number  of  the  plates ;  or,  the  sectional  area  ot 
the  flanges  being  maintained,  the  depth  of  the  girder  may  be  reduced  in 
proportion  to  the  reduction  in  the  bending  moment,  as  partially  cffiKWd 
in  the  Kuilenberg  and  Covington,  and  Cincinnati  bridges,  by  curving 
the  lop  flange  (Figs.  75  and  77,  p.  160). 

The   shearing   stress    of  a   girder   uniformly  loaded,  or  the  fot« 

tending  to  shear  or  buckle  up  the  web-plate  or  lattice  bars  which  gi** 

f  the  girder  iis  essential  element  of  depth,  increases  regularly  from  zoo 

^  in  the  centre  of  the  span  to  a  maximum  at  the  edge  of  the  piers,  wbeit 

I  it  amounts  to  half  the  distributed  load.     The  web-plates,  accordingly,  of 

small  girders  have  to  be  strengthened  and  stiffened  towards  the  ends  of 

Ihe  girders  by  T  irons  or  angle-irons,  and  al  the  ends,  and  occasiowllT 

I  in  larger  girders  at  other  points,  by  gusset  plates  as  well  as  angle-item 

I^Figs.  71  and  7  a,  p.  158) ;  whilst  the  stmts  and  bars  of  large  girdemarc 

I  made  successively  stouter  from  the  centre  of  the  span  to  the  abutmens 

The  web  or  lattice  bracing,  giving  depth,  and  therefore  strength, » 

e  girder,  transmits  the  stresses  betweeti  the  centre  of  the  span  swJ 

c    abutments.      Considerins    the    stresses    of    a    straight    gtfd«. 
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icing  at  the  abutments,  the  vertical  shearing  stress  at  these  points 
^[irder  is  borne  by  the  lattice  bracing ;  and  the  horizontal  com- 
of  the  stresses  on  this  bracing  is  transmitted  to  the  flanges  at 
)int  of  connection,  till,  in  the  centre  of  the  span,  the  vertical 
I  stress  disappears,  and  the  total  horizontal  stresses  are  borne  by 
ges,  being  compressive  in  the  top  flange,  and  tensile  in  the 
flange.  Starting,  on  the  other  hand,  at  the  centre  of  the  span, 
izontal  stresses  due  to  the  bending  moment  are  borne  by  the 
;  but  the  vertical  stresses  due  to  the  load  have  to  be  taken  up 
lattice  bracing  at  each  point  of  connection,  the  total  vertical 
,  equal  to  half  the  whole  load,  being  eventually  transmitted  by 
dng  to  each  abutment. 

.cxdation  of  Stresses  in  Girders. — In  order  to  design  a 
>f  any  given  span,  the  stresses  on  the  flanges  and  on  the  lattice 
or  the  web-plate  have  to  be  ascertained.  The  stresses  on  the 
.  bottom  flanges  in  the  centre  of  a  uniformly  loaded  girder  having 
span  and  depth,  are  the  same  whatever  may  be  the  form  of  the 
3r  the  system  of  lattice  bracing  adopted;  but  the  stresses  on 
ice  work  vary  with  the  form  of  the  girder  and  the  nature  of  the 
.  The  calculation,  therefore,  of  the  sectional  area  of  the  flanges 
rder  in  the  centre  of  the  span,  will  apply  generally  to  any  form 
^  spanning  a  single  opening ;  and  this  sectional  area  should  be 
ned  constant  throughout  the  span,  if  the  flange  which  does  not 
tie  roadway  is  so  curved  as  to  render  the  depth  of  the  girder 
ionate  to  the  bending  moments,  but  should  be  reduced  towards 
•s,  in  a  girder  of  uniform  depth,  with  the  decrease  in  the  bending 
ts.  The  calculations,  however,  of  the  stresses  on  the  lattice 
are  modified  by  the  form  of  the  girder,  and  by  the  arrangement 
lination  of  the  bracing. 

\  sectional  area  of  the  flanges  in  the  centre  of  a  girder,  having  a 

L,  an  effective  depth  D,  and  a  uniformly  distributed  load  W, 

obtained  as  follows.     The  safe  resisting  strength  of  the  girder 

centre  of  the  span  must  be  equal  to  the  bending  moment,  or 

-5-,  where  S  is  the  stress  which  the  metal  can  bear  without 

o 

and  I  is  the  moment  of  inertia  of  the  flanges.  Let  .r  be  the 
d  area  of  the  top  flange  in  square  inches,  and  S,.  the  safe  com- 
e  stress  in  tons  per  square  inch ;  and  let  y  be  the  sectional  area 
bottom  flange,  and  St  the  safe  tensile  stress.  Assuming  that  the 
e  of  the  centre  of  gravity  of  each  flange  of  the  girder  from  the 
axis  may  be  approximately  represented  by  |d,  the  above 
n  becomes  for  a  single  flange — 

SeiD^^  ^  ,  WL        s  ^^  ^  WL . 

and  therefore  the  sectional  area  in)       WL 
square  inches  of  the  top  flange,  x  (      8DSc' 

and  the  sectional  area  in  square!     _WL 
inches  of  the  bottom  flange,  y\      SDSt' 


156   CALCULATION  OF  STRESSES  IN  WARREN  GIRDER. 

where  W  is  the  distributed  load  in  tons.  For  iron,  Sc  =  4,  and  Si  =  5 ; 
whilst  in  the  case  of  steel,  the  value  allowed  is  6y  for  both.  When  cast- 
iron  girders  were  employed,  the  bottom  flange  had  to  be  made  mud 
larger  than  the  top  fliange,  owing  to  the  relatively  small  power  of  cast 
iron  to  resist  tensile  stresses ;  but  in  wrought-iron  girders  of  moderate 
span,  the  top  and  bottom  flanges  have  often  been  made  of  equal 
sectional  area,  for  the  rivets,  which  may  be  included  in  the  sectional 
area  of  the  top  flange  with  a  compressive  stress,  have  to  be  deducted 
from  the  sectional  area  of  the  bottom  flange  subjected  to  tension,  and 
approximately  neutralize  the  advantage  gained  from  the  greater  tensile 
strength  of  wrought  iron. 

One  of  the  simplest  forms  of  lattice  bracing  for  girders  is  the 
isosceles  triangle  type,  employed  in  the  Warren  girder ;  and  the  calcula- 
tion of  the  stresses  in  this  girder  will  suffice  to  indicate  the  distribution 
and  transmission  of  the  stresses  in  a  lattice  girder,  and  the  general 
method  of  determining  the  stresses.  A  diagram  of  half  the  span,  Alt 
of  a  Warren  girder  is  given  in  Fig.  68,  where  the  roadway  is  carried  on 

8TRE88E8   IN  WARREN  QIRDER. 
Fig.  68. 


ft 


the  top  of  the  girder,  and  uniform  loads  w  are  assumed  to  be  imposed 
at  the  points  of  junction  of  the  bracing  with  the  top  flange.  Tte 
reaction  R  at  the  abutment  A>  supporting  the  weight  of  the  girder,  is 
equal  to  half  the  total  load,  or  35  w\  and  as  the  girder  is  in  equilibriuiD 

at  A,  the  tensile  stress  alone  the  tie  AB  is  '^-^— ,or  v^wsgc  a,  where 
*  °  cos  a       ^^  ^^ 

tt  is  the  angle  at  which  the  bracing  is  inclined  to  the  vertical,  and  the 
compressive  stress  along  the  portion  of  the  top  flange  AC  is  ^'^w  tan  a- 
The  compressive  stress  along  the  strut  BC  is  the  same  as  the  stress 
along  AB,  namely  3^5  a/  sec  a;  whilst  the  tensile  stress  along  the 
portion  of  the  bottom  flange  BD  is  the  sum  of  the  horizontal  com- 
ponents of  the  stresses  along  AB  and  BC,  namely  Tw  tan  a.  The  stress 
along  the  tie  CD  is  (3'57c'  —  iv)  sec  a  =  2*50/  sec  a^  and  along  CEis 
3'57f'  tan  a  +  (3'57t/  4-  2*5^)  tan  a  =  ^'$w  tan  a;  and  the  remaining 
stresses  on  the  girder,  indicated  in  Fig.  68,  are  obtained  in  a  simibi 
manner.  The  stresses  on  the  lattice  bars  can  also  be  obtained  by 
starting  at  the  centre  of  the  span,  where,  resolving  the  vertical  weight » 
which  is  borne  by  the  struts  IH  and  IJ,  the  stress  along  each  of  diesc 
struts  is  o'5^  sec  a,  and  the  stress  along  the  tie  GH  is  the  same;  whilst 
the  stress  along  the  strut  GF  is  (o  50/  +  w)  sec  a  =  i'$w  sec  o,th< 


ARRANGEMENTS  OF  GIRDERS  IN  SMALL  BRIDGES.   I $7 

stresses  progressing  according  to  the  series  i,  3,  5,  7,  etc.,  for  any 
number  of  pairs  of  struts  and  ties. 

A  web-plate  may  be  regarded  as  a  continuous  series  of  lattice  bars 
subjected  both  to  compression  and  tension,  and  transmitting  the  stresses 
to  the  flanges  at  every  point  of  their  length.  Web-plates  are  serviceable 
for  small  girders  where  suitable  lattice  bars  would  be  small,  their  work- 
manship relatively  costly,  and  their  connections  with  the  flanges  some- 
what inconvenient ;  but  these  plates  cannot  be  exactly  proportioned, 
like  lattice  bracing,  to  the  diflferent  stresses  they  have  to  resist,  for  their 
thickness  in  the  centre  of  the  span  cannot  be  safely  reduced  below  about 
\  inch,  owing  to  the  large  surface  exposed  to  corrosion ;  and  the 
necessary  stiffening  of  the  web-plates  towards  the  abutments,  to  bear  the 
increasing  compressive  stress,  is  only  roughly  provided  for  by  the 
vertical  T  irons  or  angle-irons  usually  introduced. 

Girder  Bridges  of  SmaU  Span. — The  form  adopted  for  girder 
bridges  depends  largely  upon  the  available  headway  and  the  span.  The 
dieapest  form  of  railway  girder  bridge,  where  the  headway  admits, 
is  obtained  by  placing  a  girder  directly  under  each  rail,  with  a  small 
girder  at  each  side  of  the  bridge  for  carrying  the  parapet  (Fig.  69,  p.  158). 
In  this  way,  the  rolling  loads  come  exactly  over  their  supports ;  and 
no  material  is  expended  in  cross  girders,  rail-bearers,  or  other  means  of 
canning  the  load  at  the  side  of  the  main  girders,  and  in  adding  to  the 
strength  of  these  girders  to  carry  this  extra  weight.  When  the  available 
headway  is  very  small,  trough  girders  are  adopted  (pr  small  spans  (Fig. 
70),  so  as  to  reduce  the  depth  between  the  level  of  the  rails  and  the 
under  side  of  the  bridge  to  a  minimum.  For  larger  spans,  the  system 
of  niain  girders  supporting  a  series  of  cross  girders  on  their  bottom 
flanges  is  adopted  (Fig.  71,  p.  158),  thereby  enabling  the  supporting  main 
girders  to  be  made  of  any  requisite  depth  without  affecting  the  headway 
below,  but  involving  the  additional  cost  of  the  cross  girders  and  rail- 
bearers,  as  well  as  additional  metal  in  the  main  girders  to  carry  this 
extra  load,  which  are  dispensed  with  in  the  system  shown  in  Fig.  69. 
The  depth,  however,  between  the  rail-level  and  the  underside  of  the 
bridge  can  be  considerably  reduced  if  necessary,  and  the  weight  of 
flooring  to  be  borne  by  the  main  girders  may  be  materially  diminished, 
by  introducing  a  central  main  girder  between  the  lines  of  way,  and 
substituting  trough  flooring  plates  (Fig.  72)  for  the  cross  girders,  rail- 
bearers,  and  curved  roadway  plates  shown  in  Fig.  7 1 . 

Expansion  and  contraction  have  to  be  provided  for  in  all  metal 
girder  bridges,  by  bolting  down  one  end  only  of  each  girder  to  the 
bearing  bed-plate  on  one  abutment,  and  leaving  the  other  end  quite  free 
to  move,  either  on  a  series  of  iron  or  steel  rollers,  or  on  a  perfectly 
snooth  bed-plate,  for  wrought  iron  expands  0*000006  of  its  length,  on 
the  average,  for  each  degree  Fahrenheit. 

Lenticular  Qirder  Bridge. — There  is  a  peculiar  form  of  girder 
constituting  a  sort  of  combination  of  the  arch  and  suspension  systems, 
in  which  the  thrust  of  the  arch  is  counterbalanced  by  suspension  chains 
banging  below,  which  in  their  turn  obtain  their  anchorages  by  their 
xmnection  to  the  extremities  of  the  arch.     Accordingly,  this  type  of 
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girder,  which  has  been  termed  lunticular  on  accounl  of  its  shape,  coo-  I 

I  bines  the  strength  of  the  arch  with  that  of  the  suspension  bridge  m  1  I 
Belf-coniained  structure,  avoiding  any  waste  of  material  in  abuimenl!,  | 


lo-lwra,  ot  4iirlK»i3ji<'«.  ami  Ihi-tcfore  should  constitute  an  cffifien' 
jml  .N>«4uu«k-*1  systtm.  <!"')'  »  '««  bridge*,  however,  have  been  con- 
tinirtoil  •»•>  'h»»  (titnclpl*,  of  which  ihe  first  and  besi-kiiown  example  n   , 
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Bridge,  erected  across  the  River  Tamar  in  1853-59,  with  two 
5  feet  between  the  supports  of  the  girders,  and  leaving  two 
igs  of  436  feet  between  the  piers,  with  a  headway  of  100  feet 
water  of  spring  tides  (Fig.  73,  p.  160).  The  upper,  arched 
the  girder  consists  of  an  elliptical  tube,  i6f  feet  wide  and 
ep,  formed  of  riveted  wrought-iron  plates,  and  stiffened  by 
phragms  and  bracing;  whilst  the  suspension  chain  below, 
ongly  braced  to  the  tube,  is  composed  of  a  row  of  foiwteen 
bars  alternately,  20  feet  long,  7  inches  wide,  and  i  inch  and 
Jc  respectively.^  The  depth  of  the  girder  in  the  centre  of 
)etween  the  centre  of  the  tube  and  the  centre  of  the  sus- 
.in,  is  56^  feet,  or  one-eighth  of  the  span.  The  cross  girders, 
ingle  line  of  railway,  are  suspended  by  bars  from  the  chains 
rirders  spanning  eadi  opening. 

ir  Girders. — The  first  wrought-iron  girders  were  made  in 
rectangular,  hollow  tubes,  with  plate-iron  sides  and  cellular 
(ttom  flanges,  and  were  erected  across  the  River  Conway, 
!3onway  Castle,  in  1848,  for  the  Chester  and  Holyhead 
Conway  Tubular  Bridge  has  a  clear  span  of  400  feet,  and 
two  parallel  tubes  for  the  up  and  down  lines,  placed  a  clear 
,  15  feet  in  width,  and  increasing  in  height  from  22-^  feet  at 
25^  feet  in  the  centre.^  The  Conway  end  of  each  tube  was 
wn  to  the  abutments ;  but  the  other  ends  rest  upon  rollers 
tal  balls,  to  allow  for  the  expansion  and  contraction  of  the 
1  at  extreme  temperatures  might  have  a  range  of  nearly  2\ 
ength  of  424  feet.   A  camber,  or  slight  rise  towards  the  centre, 

0  the  tubes,  amounting  to  6^  inches  at  the  centre  in  the  first 
\  inches  in  the  second,  a  plan  generally  adopted  with  girders 

subsequent  deflection  due  to  the  weight  of  the  girder  and 
load.  The  permanent  deflection  of  the  tubes  in  the  centre 
aave  been  about  if  inches  in  excess  of  the  camber.  The 
Conway  Bridge  was  ;^  145, 200.  Similar  tubes  were  em- 
the  Britannia  Tubular  Bridge,  carrying  the  same  railway 
Menai  Straits,  with  two  central  spans  of  459  feet,  and  two 
5f  230  feet ;  but  though  the  tubes  were  floated  out  and  raised 
n  separately  across  each  of  the  large  spans  in  1849-50,  like 

1  tubes,  the  tubes  of  each  of  the  two  lines  were  subsequently 
icross  the  piers,  so  as  to  form  two  continuous  girders  extend- 
ross  the  straits. 

lular  flanges,  though  very  suitable  in  form  for  resisting  com- 
isses,  are  with  difficulty  protected  efficiently  against  corrosion  \ 
wo  plate-iron  sides  of  the  tubes,  acting  as  double  web-plates, 
ng  great  stiffness  to  the  tubes,  amount  to  one-third  of  the 
t  of  the  tube.  Accordingly,  the  cellular  system  of  flanges 
eded  by  layers  of  plates,  stiffened   in   the   top  flange  by 

alise  on  Cast  and  Wrought  Iron  Bridge  Construction,"  W.  Humber, 

lates  78-80. 

Britannia  and  Conway  Tubular  Bridges,"  Edwin  Clark,  vol.  ii.  pp.  584 

plates  34-41. 
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ecdng  ribs,  in  the  long  tubular  bridge  erected  across  the  St.  Lawrence 
fontieal  in  1854-59,  having  a  central  span  of  330  feet,  and  twenty- 
side  spans  of  242  feet ;  ^  and  tubular  girders,  with  solid  plate-iron 
s,  have  been  abandoned  in  favour  of  a  lattice  web,  with  bars  pro- 
iooed  to  the  strains  at  the  different  parts  of  the  girder,  considerably 
a  than  solid  web-plates,  and  ofifering  much  less  surface  to  the 
L 

[lEttice-Oirder  or  Truss  Bridges  of  Large  Span. — Formerly 
•mmon  type  of  construction  for  lattice-girder  bridges  consisted  of 
Uel  top  and  bottom  flanges  of  plate  iron,  closely  braced  with  diagonal 
s  and  ties,  constituting  in  fact  a  multiplex  Warren  girder,  wherein 
x)ints  of  connection  of  the  bracing  with  the  flanges  were  put  fairly 
I  together,  thereby  stiflening  the  girder  and  enabling  the  dimensions 
he  lattice  bars  to  be  kept  very  moderate,  as  illustrated  by  the 
Dsk  Bridge  over  the  Volga,  having  spans  of  357  feet  between  the 
res  of  its  piers  (Fig.  74,  p.  160).  Though  bridges  of  moderate 
are  still  constructed  in  accordance  with  this  type,  more  recent 
doe  in  bridges  of  large  span,  consists  in  resorting  to  greater  depths 
lie  girders  in  proportion  to  the  span,  and  placing  the  struts  vertical, 
;by  reducing  their  length,  whilst  retaining  the  diagonal  position  for 
des,  as  exemplified  by  the  Kuilenberg  Bridge,  and  the  Cincinnati 
hem  Railway  Bridge,*  (Figs.  75  and  76,  p.  160),  having  large  spans 
92  feet  and  about  509  feet,  and  depths  of  girders  of  65^  feet  and 
feet,  or  about  two-fifteenths  and  one-tenth  of  the  span  respectively. 
rhe  reduction  in  depth  of  a  large  girder  towards  its  extremities  has 
idvantage  of  reducing  the  length  of  the  struts  and  ties  where  the 
ses  on  them  are  augmented,  and  has  been  to  some  extent  effected 
e  Kuilenberg  and  Covington  and  Cincinnati  bridges  (Figs.  75  and 
).  160) ;  but  this  reduction  cannot  generally  be  carried  conveniently 
le  extent  of  being  made  proportionate  to  the  reduction  in  the 
ling  moment,  since  the  lowness  of  the  girders  at  the  ends  would 
ssitate  the  abandonment  of  the  overhead  bracing  across  the  road- 
towards  the  extremities  of  the  girders.  This  overhead  bracing  is 
Uy  introduced  for  stiffening  the  high  girders  of  large  spans,  and 
i  particularly  for  increasing  their  resistance  to  wind-pressure,  as 
ated  in  the  cross  section  of  the  Covington  and  Cincinnati  Bridge 
.  77,  p.  160). 

rhe  cross  bracing  which  is  shown  in  the  central  portion  of  the 
JTs  of  the  Kuilenberg  and  Cincinnati  Southern  Railway  bridges, 
Id  be  unnecessary  if  the  moving  load  was  always  uniformly  dis- 
ited ;  but  the  loading  of  one  half  only  of  the  bridge  throws  a  com- 
sive  stress  on  the  diagonal  ties  for  a  certain  distance  beyond  the 
re  on  the  unloaded  portion  of  the  bridge,  which  has  to  be  i)rovided 
nst  by  the  introduction  of  the  cross  bracing  along  the  part  of  the 
ir  in  which  the  reversal  of  the  stresses  is  liable  to  be  produced  by 
[ual  loading.     In  the  ordinary  diagonal,  lattice  girders,  the  central 

••  <.'oastruction  of  the  Great  Victoria  Bridge  in  Canada,"  J.  Hodges. 

"Report  on  the  Progress  of  Work  and  Cost  of  Construction  of  the  Cincinnati 

touthem  Railway,"  G.  Bouscaren,  Cincinnati,  1878. 
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■•>.  : '.    .••.'.,.    ,'     -^  v.v'h  they  are  formed  should  b 
:>  ^.^./:*    v.:\  .•.:•.:.".  :  *.;  ■.arj:osl  practicable  momen 
.:\.>  .  .v..  :.v:vfore.  though  channel-iron 
<.  ■.•.•.crimes  employed  for  struti 
:,'!-:>  .r.v  :\^\->h.\j\v:  >;s':'..\:>  or  circular  tubes. 
.\v.  .•.■A:..;>v\i  v".iv:h  v*:  ji.rvic:  :  :\v.".i.cs  .1  corresponding  reduction  i 
.Ni'.vsso  v^n  :*:u   ::.i:\*;os.  .iva*.  v\>:'.Sv\;/.ont;y  in  their  requisite  weight 
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tiutat  u)  increased  depth  inrolves  an  augmentation  in  the  length  of  the 
bncts,  necessitatiog  more  particularly  greater  atifihess  in  the  elongated 
WUB,  Ihe  ratio  of  the  depth  of  a  girder  to  its  span  is  now  commonly 
aade  between  one-tenth  and  one-eighth  of  the  span.  These  proportions, 
tu>*ever,  manifest  a  considerable  advance  on  the  ratio  of  one-sixteenth 
idopted  for  the  earliest  wrought-iron  girders  of  large  span ;  whilst  the 
alio  of  the  depth  to  the  span  in  the  large  span  of  the  Kuilenberg  Bridge 
i>  Wo^ifteenlbs,  and  in  the  peculiar  girders  of  the  Covington  and 
Cincinnati  Bridge  (Fig.  77,  p.  160),  with  the  exceptional,  central,  clear 
ipan  of  533  feel  for  single  girders,  the  depth  only  slighdy  exceeds 
one«.\tlj  of  the  span. 

The  reduction  in  the  weight  of  the  girders,  so  important  for  large 
spans,  which  has  been  effected  by  increasing  the  depth  and  by  adopting 
open  bradng  for  the  web,  is  demonstrated  by  a  comparison  of  the 
■eights  for  similar  spans  of  the  earlier  and  later  bridges.  Thus  the 
Kigbt  of  iron  in  the  large  330-feet  span  of  the  Victoria  Tubular  Bridge 
•I  Montreal,  completed  in  1859,  is  686  tons;  whereas  the  lenticular 
pideis  of  the  Mainz  Bridge  for  a  span  of  345  feet,  completed  in  1862, 
ragh  359  tons ;  each  of  the  fourteen  349-feet  spans  of  the  Moerdyk 
Bndge,  completed  in  1871,  weighs  447  tons;  and  each  span  of  the 
Kentucky  River  Bridge,  carried  by  pin-connected  girders,  erected  in 
i!;7,  taoa  three  openings  of  375  feet,  weighs  425  tons.'  One  of  the 
tubes  of  the  Conway  Bridge,  erected  in  184S,  across  a  clear  opening  of 
4M  feet,  weighs  ma  tons ;  whilst  each  397-feet  span  of  the  close  lattice 
Ditschau  Bridge  over  the  Vistula,  completed  in  1856,  weighs  838  tons; 
•ml  the  396-feet  span  of  the  pin-connected  Louisville  Bridge,  erected  in 
iljo,  over  the  Ohio,  weighs  623  tons.  Lastly,  one  tube  of  each  of  the 
l*0  4(to-feet  spans  of  the  Britannia  Bridge,  erected  in  1849-50,  weighs 
■}33  tons;  whereas  each  of  the  455-feet  spans  of  the  Saltash  Bridge, 
tompleted  in  1859,  weighs  only  945  tons  (Fig.  73,  p.  160);  and  the  main 
ipsn  of  the  Cincinnati  Southern  Railway  Bridge,  exceeding  the  large 
tpans  of  the  Britannia  and  Saltash  bridges  by  about  tifty  feet,  carried  by 
jiuwYjnnccied  girders  515  feet  long,' erected  in  1877,  weighs  ir76  tons, 
"^ig.  76,  p.  160).  Owing  to  the  great  economy  and  facility  of  erection 
ind  maintenance  of  pin-connected  girders,  it  has  been  decided  to  widen 
ihc  Victoria  Bridge  across  the  St.  Lawrence  at  Montreal,  by  erecting 
deep,  pin-connected  girders  of  the  modem  type  on  the  existing  masonry 
pioi,  to  carry  two  lines  of  railway,  so  that  the  present  tubular  bridge, 
■hich  only  gives  passage  for  a  single  line,  will  eventually  be  dispensed 
with. 

The  difierent  types  of  girders  commonly  employed  in  America, 
*riubiting  certain  variations  in  the  arrangement  of  the  bracing,  are 
'Mictimin  distinguished  by  the  names  of  the  persons  who  first  introduced 
"Wm.so  Ilial  there  are  the  Howe,  Whipple,  Linville,  Bratt,  etc.,  tnisses  ; 
^  probably  the  type  most  frequently  adopted  is  the  Linville  truss, 
■liidi  dilTcra  little  from  the  Whipple  truss,  of  which  the  Cincinnati 
^tHem  Railway  Bridge  furnishes  an  example  (Fig.  76,  p.  160). 
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1 64      COVINGTON  AND  CINCINNATI  GIRDER  BRIDGE, 

Large  Fin-connected  Oirders  of  Varying  Depth. — ^The  stei 
girders  across  the  large  spans  of  the  Covington  and  Cincinnati  Bridg* 
exhibit  a  form  of  single  bracing  dififering  more  widely  than  usual  froi 
the  more  ordinary  American  types  (Fig.  77,  p.  160).  These  girders  ai 
notable  in  spanning  a  larger  central  opening  than  any  other  unconnecte 
girders,  in  being  given  a  greater  depth  than  usual  in  proportion  to  t 
span,  and  in  having  to  carry  two  outer  roadways  with  a  clear  width  • 
1 1  feet,  and  a  footway  5  feet  wide  outside  each  roadway,  in  addition  1 
two  lines  of  railway  in  the  centre  between  the  two  girders.^  The  upp 
polygonal  member  of  these  girders,  under  compression,  is  formed  of 
box-shaped  girder  with  three  solid  webs ;  and  the  straight  bottom  memb 
in  tension  is  composed  of  rows  of  bars,  increasing  in  number  from  ten 
the  piers  to  eighteen  in  the  centre.  The  struts,  which  are  indicated 
the  illustration  by  darker  lines  than  the  ties,  are  formed  of  suitable  bo 
plate,  and  braced  girders ;  whilst  the  ties  are  made  of  bars ;  and  tl 
struts,  ties,  and  wind-bracing  are  connected  to  the  top  and  bottoi 
members  by  steel  pins. 

The  greatest  stresses  to  which  the  members  of  these  girders  are  liab 
to  be  subjected  in  tension,  are  10,000  lbs.  or  4*46  tons  per  square  inc 
for  wrought  iron,  and  16,000  lbs.  or  7 '14  tons  per  square  inch  for  stec 
For  the  upper  steel  members  under  compression,  the  sectional  ares 
have  been  so  designed  that,  wherever  the  ratio  of  the  length  betwee 
the  pins  to  the  least  radius  of  gyration  does  not  exceed  50,  the  maximm 
stress  is  14,000  lbs.  or  6*25  tons  per  square  inch ;  but  where  this  rati 
exceeds  50  in  the  top  members,  and  also  for  the  struts,  the  allowabl 

maximum  stress  was  determined  by  the  fraction  14,000  -4-  i  H •  - 

20,000  f 

where  /  is  the  length  of  the  column,  and  r  the  least  radius  of  gyratio 

to  the  same  unit  of  measure.    The  ratio  of  the  length  of  a  strut  to  ii 

least  diameter  was  not  allowed  to  exceed  45 ;  and  an  allowance  of  5 

per  cent,  on  the  working  stresses  was  made  for  wind-pressure.     Provide 

was  made  for  the  expansion  and  contraction  of  the  girders  over  a  ranj 

of  150°  Fahrenheit ;  and  the  free  end  of  each  girder  rests  on  steel  roller 

The  girders  of  the  three  large  spans  were  erected  on  scaffolding,  < 
false  work  as  it  is  termed  in  America,  within  the  short  period  of  te 
months  in  1888,  in  spite  of  delays  and  injuries  from  unusual  floods 
the  river.  The  total  weight  of  metal  in  these  spans  is  about  4465  ton 
which,  assuming  that  the  weight  in  each  span  is  proportional  to  tl 
square  of  the  span,  may  be  reckoned  as  1725  tons  for  the  central  spa 
and  1370  tons  for  each  side  span.  Considering  the  very  unusual  wid 
of  railway,  roadways,  and  footways  carried,  these  weights  are  ve 
moderate,  a  result  due  to  the  use  of  steel,  the  simple  character  of  tl 
bracing,  the  depth  of  the  girders  in  the  centre,  and  the  reduction  of  th( 
depth  towards  the  ends. 

The  Hawkesbury  Bridge  in  New  South  Wales,  designed  and  erect 
by  an  American  Company  about  the  same  period,  and  opened  in  i%\ 

>  Transactions  of  th€  American  Society  of  Civil  Engineers,  voL  xxiii.  p. 
and  plates  10,  14,  15,  and  16. 
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ii  tarriwi  by  girders  very  similar  in  type,  but  only  410  Teet  long  a 
58  feet  deep  at  the  centre,  spanning  seven  openings  across  the  Hawked 
i'my  estuary,  and  resting  on  piers  placed  41 6  feet  apart  centre  to 
The  cost  of  this  bridge,  with  piers  founded  at  a  great  depth  (see  p.  7a] 
reaching  a  maxiniuin  of  no  feet  below  the  river-bed,  was  ^^327,000. 

Erection  of  Oirders  Bpanning  Single  Openings.—The  only 
oeihods  available  for  erecting  single,  imconnected  girders,  are  building 
on  tcmporar)-  scaffolding,  or  floating  into  place  ;  for  the  system  of 
building  out  from  the  piers,  so  successfully  resorted  to  for  arched  metal^ 
bridges,  cannot  be  employed  for  erecting  unconnected  girders. 

Erection  on  scaffolding  is  the  simplest  method,  and  is  commonly 


iraorted  lo  when  the  location  of  the  girders  is  not  very  high,  or  the^ 
111(3  not  very  deep,  the  scaffolding  being  supported  on  piles  driven 
into  the  bed  of  the  river.  An  unimpeded  waterway,  however,  has  often 
'0  be  left  for  the  discharge  of  the  river,  or  for  navigation  ;  and  this  has 
to  be  provided  for,  either  by  only  erecting  the  scaffolding  across  one  or 
i»D  of  the  openings  at  a  time,  in  the  case  of  a  bridge  of  several  spans 
iCTo«s  a  river,  or  by  clustering  the  timber  supports  together,  and 
•plinning  the  intervals  by  wooden  trusses,  as  in  the  erecrion  of  the  large 
'[an  of  the  Kuilenberg  Bridge  across  the  River  Lelc  *  (Fig.  79).  Occa- 
lontlly,  when  a  large  opening  has  to  be  left,  temporary  iron  girders, 
lipported  on  timber  stagings  serving  as  piers,  are  used  to  provide  a 
l^tfoim  on  which  the  permanent  girders  are  put  together,  as  adopted 
for  the  erection  of  the  central  span  of  the  Konigswart  Bridge  across  the 
River  Inn  '  ( Fig.  80),  where  the  timber  structures  on  which  the  temporary 
PitlciB  rested  were  also  utilized  for  the  erection  of  the  high  central  piers 
of  Ihc  bridge. 

Floating  completed  girders  out  into  position  on  pontoons  has  been 
fWensively  adojited,  especially  where  high  staging  would  otherwise  be 
~^ired  in  an  exposed  position,  as  for  instance  in  the  erection  of  the 
[«  of  the  large  spans  of  the  Britannia  and  Saliash  bridges ;  also  where  _ 
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e  river  lo  be  crossed  is  deep,  and  the  site  open  to  strong  gales,  as  al  ihe 
■  Mocrdyk  Bridge  ncross  the  Holiandsch  Diep;  and.  lastly,  where  a  rivuis 

iliabk  to  high  floods,  or  staging  would  inconveniently  obsimct  navig»- 


^^^^^^^^^^^^^^^^^^^^^^ 


t    __. 

^^^■<were  successively  floated  on  pontoons  into  their  positions  betweCTTJ 
^^^Bpiers  in  the  Menai  Straits/  and  the  large  Sali^ish  girders 


E 


floated  into  place ;'  and  the  tubes  and  the  girders  v 

by  hydraulic  presses  to  their  requisite  heights  of  loj^ 
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respectively,  above  higb  water  of  spring  tides.  The  river  at  the  site  of 
tbc  Moeidjrk  Bridge,  carrying  the  Antwerp  and  Rotterdam  Railway, 
leaches  a  depth  of  43  feet  at  low  water;  and  the  twenty-eight  girders 
spummg  the  fourteen  dear  openings  of  338  feet, constructed  on  staging 
otertianging  the  bank  of  the  river,  were  carried  out  by  two  flat- 
bottomed,  timber  pontoons,  115  feet  long  and  34  feet  wide,  and  deposited 
mar  high  water  in  their  exact  positions  on  their  piers  (Fig.  81).  The 
girders  spanning  the  seven  400-feet  openings  of  the  Hawkesbury  Bridge 
in  New  South  Wales,  were  erected  successively  in  pairs,  for  a  complete 
span,  on  staging  raised  upon  a  long  timber  pontoon,  which  was  sunk 
Bpon  a  gridiron  in  shallow  water  near  the  shore  of  a  sheltered  bay ;  and 
*ben  ft  span  was  finished,  valves  were  opened  and  the  water  let  out  of 
(Ik  pontoon  at  low  tide  on  the  first  favourable  opportunity ;  and,  the 


calves  having  been  closed  again,  the  pontoon  floated  with  the  rising 
tide'  (Fig.  83),  and  being  hauled  into  position  between  two  piers,  the 
fan  *as  gently  deposited  in  its  place  on  the  piers  as  the  tide  fell.  The 
^Ogiog  on  the  pontoon  enabled  the  girders  to  be  placed  on  the  pitjrs  at 
■lie  requisite  height  to  provide  a  clear  headway  of  40  feet  above  high 
»ater  of  spring  tides ;  and  the  overhang  given  to  the  span  over  one 
'^oi  the  pontoon,  was  designed  to  allow  for  the  depositing  of  each  of 
''>e  shore  spans  on  the  abutment  on  each  bank. 

The  chief  objections  to  the  erection  of  girders  by  floating  out  are 
the  large  cost  of  the  necessary  plant,  and  the  great  care  and  experienced 
Eaog  of  men  required  for  taking  out  the  girder  and  bringing  ic  into  its 
■;»«  position  between  the  piers ;  but  the  cost  of  the  system,  in  com- 
PUisoD  with  staging,  is  much  diminished  when  the  same  plant  can  be 
uiili/ed  for  several  spans;  whilst  the  selection  of  a  calm  day  greatly 
facilitates  the  manoeuvres. 


Continuous-Girder  Bridges. 

When  girders,  instead  of  spanning  singly  a  series  of  openings,  are 
■"sde  continuous  over  two  or  more  spans,  the  distribution  of  the  stresses 

'  Prxetdingi  Inst.  C.E.,  vul.  ci,  [).  9,  and  plate  3. 
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is  considerably  modified,  as  indicated  by  the  diagram  showing  tl 
bending  moments  in  a  uniformly  loaded  girder  of  uniform  strengi 
s]janning  two  adjacent,  equal  openings  (Fig.  83.)  The  girder  in  tli 
case  may  be  regarded  as  made  up  of  three  girders  AB,  BD,  and  Dl 
as  the  bending  moments  become  zero  at  the  points  of  contrary  fiexa 
of  ihe  girder,  B  and  D,  the  positions  of  which  depend  on  the  form  ai 
strength  of  the  girder,  and  the  distribution  of  the  moving  load, 

Stressea  in  ContinaouB  Qirdera  unifomily  loaded. — I 
the  special  instance  exhibited  in  ihe  diagram  (Fig,  83),  the  paints  1 
inflexion  B  and  D  are  two-thirds  of  one  span  distant  from  the  abu 
ments,  and  one-third  from  the  central  pier  C,  so  that  the  three  divisioi 
are  assumed  to  be  of  equal  length.  Under  these  conditions,  one-lhir 
of  the  total  load  on  each  sjian  is  borne  by  each  abutment,  and  four-thiw 
by  the  central  pier ;  whilst  since  the  stresses  on  the  portions  AB  aii' 


CONTINUOUS  QIRDER  OVER   TWO   EQUAL  SPANS. 


DE  correspond  to  those  borne  by  a  girder  having  only  two-thirds  of  tl« 
actual  spans  AC  and  CE,  the  maximum  bending  moments,  FQandHJ 
in  Pig,  83,  halfway  between  ABand  OE,are  only  four-ninths  of  those  0 
delached  girders  sparming  similar  openings  of  width  L,  namely  ^j/mV 
bui  the  bending  moment  CK,  over  the  central  pier,  is  three  times  At 
amount,  namely  -Ja'L'.  The  shearing  stress  also,  which  is  ^a-L  at  etd 
end  of  a  delached  girder,  is  only  \iu\j  at  A  and  E  in  Ihe  continuou 
girder,  but  amounts  to  \ioL  over  the  central  pier. 

Advantage  of  Contiimoiis  Girders. — By  making  a  girder  con 
linuous  over  two  or  more  spans,  it  is  practically  subdivided,  at  ih 
points  of  inflexion,  as  regards  the  stresses  into  an  —  i  parts,  where  n  i 
Iho  number  of  spans,  each  necessarily  of  less  length  than  the  width  0 
the  spans,  with  the  result  that  the  stresses,  and  consequently  the  wejghl 
of  the  jiarts  over  tlie  openings  are  reduced,  and  concentrated  upon  ih 
I  piers  where  they  are  supported.  Accordingly,  the  employment  of  cor 
I  tinuous  girders  enables  a  scries  of  large  spans  to  be  bridged  with  IQ 
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weight  of  metal  than  required  for  detached  girders,  more  particularly 
'hen  the  depth  of  the  girder  is  increased  in  proportion  to  the  stresses, 
specially  over  the  piers.  Nevertheless,  though  continuous  girders  have 
ften  been  resorted  to  for  a  series  of  moderate  spans,  they  have  not  been 
xtensively  adopted  for  large  spans,  partly  owing  to  the  intensification 
f  the  stresses  which  would  occur  in  parts  of  the  girder  if  a  settlement 
00k  place  in  one  of  the  piers,  and  partly  on  account  of  the  difficulties 
experienced  in  erecting  a  long  continuous  structure,  when  the  size  of  the 
^rider  and  the  width  of  the  spans  preclude  the  rolling  out  of  the  girder, 
rhe  experience,  however,  obtained  in  sinking  cylinders  and  caissons  to 
great  depths  for  the  river  piers  of  bridges,  seems  to  render  it  possible  to 
do  away  with  the  first  objection  by  securing  the  stability  of  the  piers. 

The  Lachine  Bridge,  by  which  the  Canadian  Pacific  Railway 
crosses  the  St  Lawrence  a  little  distance  above  Montreal,  is  a  fine 
example  of  a  steel,  continuous-girder  bridge,  in  which  the  depth  of  the 
girders  has  been  increased  over  the  piers  of  the  two  large  channel  spans 
of  408  feet  ^  (Fig.  78,  p.  160).  This  bridge  is  nearly  a  mile  in  length, 
and  cost  about  ^^200,000. 

Erection  of  Gontinuous-Girder  Bridges. — Continuous  girders 
with  straight,  flat,  bottom  flanges,  can  be  conveniently  and  expeditiously 
put  in  place  by  constructing  the  girder  gradually  on  the  ground  near 
one  extremity  of  the  bridge,  and  rolling  it  out  by  degrees  over  the 
abutment  and  piers.  This  system  is  particularly  advantageous  where  a 
bridge  is  designed  to  cross  a  river  in  several  spans  of  moderate  size,  or 
*bere  a  viaduct  has  to  be  carried  across  a  deep  gorge.  The  only 
objections  to  this  cheap  and  simple  method  of  erection,  are  the  necessity 
of  stiffening  the  girder,  in  view  of  the  special  stresses  to  which  it  is 
subjected  in  its  erection,  with  strong  lattice  bars  placed  somewhat  close 
fogether,  and  the  danger  of  injuring  the  girder  in  the  process  of  rolling 
It  out  by  the  sudden  and  varying  stresses  produced,  quite  different  from 
^bose  it  has  been  designed  to  bear  in  its  final  position.  These  temi)orar)' 
stresses,  however,  can  be  largely  reduced,  by  supporting  the  projecting 
^  by  wire  ropes  passing  over  staging  erected  successively  on  the 
abutment  and  piers,  and  anchored  to  the  inner  part  of  the  girder,  and 
by  strengthening  the  girder  during  erection  by  additional  stiffening 
pieces. 

The  erection  of  the  River  Bouble  viaduct  in  France  furnishes  an  in- 
stance of  this  system  of  rolling  out,  adopted  for  a  viaduct  of  consider- 
able height,  together  with  the  utilization  of  the  projecting  girder  as  an 
overhanging  staging,  from  which,  by  the  help  of  a  crane  at  the  extremity, 
^e  high  iron  piers  were  built  up  *  (Fig.  84,  p.  170) ;  and  a  similar  com- 
bined process  of  pushing  out  the  girders  and  erecting  the  i)iers  in 
advance  from  them,  was  previously  resorted  to  in  the  construction  of  the 
Friburg  Bridge  for  a  railway  across  the  valley  of  the  Sarine,  at  a  height  of 
about  280  feet  above  the  river.  Sometimes  the  rolling  out  of  a  girder 
bas  been  facilitated  by  adding  temporarily  a  strong,  triangular  piece  at  the 

'  Enqiftitring  News^  New  York,  vol.  xviii.  j).  276. 

'  **Traite  de  la  Construction  des  Fonts,"  R.  Morandiere,  plate  328,  fig.  5  ;  and 
Annaiada  Fonts  et  Chaussks^  1870  (i),  p.  126,  and  plate  214,  fig.  I. 
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end  (Fig.  85),  as  for  example  in  the  erection  of  the  Credo  viaduct 
over  the  Rhone,*  which  by  enabling  the  support  of  the  pier  to  be  reached 


ERECTION   BY  ROLUNQ  OUT. 
Fig.  84.— Boubl«  Viaduct. 


some  distance  in  advance  of  the  actual  girder,  relieves  the  girde 
sooner  from  the  reversed  stresses  imposed  upon  it  in  rolling  out,  aft 


ROLLING  OUT  CONTINUOUS  QIRDER8. 
Fig.  86.— Credo  Viaduct 
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y)j4t^^:;S!U($tie$  their  intensity.  The  girders  of  the  Credo  viaduct  were  al 
^^»jf$^«i<4  during  their  protrusion  by  fastening  iron  rails  along  them, 
1l>dv*^  by  dotted  lines  in  the  illustration ;  and  the  stresses  due 

j|^Mks^  Pfcris,  July,  1880,  vol.  L  p.  126,  and  plate  14. 
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ing  of  the  projecdng  ptit  of  the  girder^  and  the  resulting 
r  the  inshore  portion,  were  mitigated  by  weighting  the  inshore 
le  gilder  where  it  tended  to  rise. 

I  a  continuous  girder  is  erected  in  separate  spans  ^niiich  have 
(seqnendy  joined  together,  a  course  followed  with  the  tubes  of 
imia  Bridge  over  the  Menai  Straits,  a  simple  junction  by  means 
is  not  sufficient  to  transfonn  the  separate  parts  into  a  con- 
irder;  but  the  tops  of  the  separate  pieces  have  to  be  brought 
stber  by  tipping  them  np  at  their  furdier  ends,  or  by  some  o^er 
>  tluit  die  top  flanges  may  be  rigidly  omnected  so  as  to  form 
ontiiraous  girder,  and  bring  the  points  of  contrary  flexure  into 
>zimate  positions  they  were  assumed  to  occupy  in  designing 
r. 
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W  W 

Ltremity  up  to  a  maximum  of —/at  the  pier,  and  a  shearing  stress  — 

hich  is  unifonn  throughout  the  ann,  represented  giaphically  in  Fig.  86. 
be  second  load,  consisting  of  the  weight  of  the  cantilever  arm  and 
«  moving  load,  if  assumed  to  be  unifonnly  distributed  and  equal  to 
per  unit  of  length,  causes  a  bending  moment,  increasing  from  zero 

the  extremity  according  to  a  parabolic  curve  represented  by  ^  = , 


gularly  from  zero  at  the  extremity  up  to  a  maximum  of  wl  at  the 
ler,  as  indicated  by  the  diagrams  in  Fig.  87.     A  cantilever  bridge  is 

DIAGRAMS  OF  BTRESaGB  ON   CANTILEVER. 


liiMe  lo  have  its  cantilevers  subjected  to  both  loads  simultaneously,  in 
»hich  case  the  bending  moments  and  shearing  stresses  are  represented  by 
1  combination  of  the  preceding  diagrams,  as  shown  in  Fig.  88  ;  and  the 
Iwiding  moment  and  shearing  stress  attain  a  maximum  at  the  piers  of 
'^ ,     wP  W 

■^  'H -,  and       4-  W,  respectively. 

Forms  of  Cantilever  Bridges.— The  most  distinct  form  of  canti- 
lever bridge  is  where  symmetrical  arms  extend  out  on  each  side  of  the 
pins,  the  outer  arms  over  the  main  span  supporting  a  central  girder, 
*iid  the  inner  arms,  stretching  over  smaller  side  spans,  being  anchored 
down  to  the  bank  on  each  side,  so  as  to  provide  a  counterpoise  to  the 
•^igbt  of  the  central  girder  with  its  load.  This  is  the  form  of  the 
Niagara  Cantilever  Bridge,  and  of  the  shore  cantilevers  of  the  Forth  and 
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Pou^r.ki-ersir  rrlices  \  Fiz^.  ;5o.  -pc.  j.nd  92 l  By  this  arrangement,  the 
<ya".  .^:'  :he  cer.ra.1  airier  :<  *Tea:ly  reduced :  and  the  shore  cantilever 
arn:>  1-j.' j.r.  :ir.^  :he  in^^  ■::"  :he  main  span,  serve  also  to  bridge  over 
the  ^h.'^rr  <r*ir.5.  j-s:  as  :r.c  anchoring  cables  of  the  Brooklyn  Bridge 
su*.  :vr:  the  rao  ?:.:«?  srars  ■  Fi^.  64.  p.  141).  This  advantage  is  lost 
whtr.  :hv  vu::::leven>  are  only  used  for  supporting  the  girders  in  the 
ctr.::^.  .^:"  ji  larce  5:\ir:.  js  a:  :he  S-kkur  Bridge  (Fig.  93),  where  the 
v.ur:::*c\er?.  i5  we".  i>  :he  central  girders,  have  to  be  counterpoised  by 

»-«_»      ;•'.•    ""— <     "<"*    .■>••■>    c".*f» 

W-en  a  can:: lever  bridge  ha>  more  than  one  large  span,  as  the 
c en: nil  cannlever  canno:  :e  anchored  down,  it  is  necessary  to  provide 
for  unec:uil  l.^adin*:.  either  ?y  widening:  out  and  strerigthening  the 
ceninil  v*av.::li".  er,  as  vior.e  a:  the  Forth  Bridge  (Fig.  89) ;  or  where  there 
are  il'.r^e  or  ni.-re  river  srans,  ?y  erecnng  a  deep,  central,  continuous 
s:irdcr  over  :wo  riers.  be:*.veen  two  cantilever  spans,  with  a  canti- 
lever anv.  rro^vrins:  out  beyond  the  piers  at  each  extremity,  as  placed 
across  a  certnil  sycin  in  the  Memphis  .ind  Hugli  Jubilee  bridges  (Figs. 
01  and  04'.  and  across  :wo  s:\ins  between  three  cantilever  spans  in  the 
Pouiiiikeeysu  PrivUe  ■  F".;;.  oc-.  Generally  the  ordinary  girder,  forming 
the  adiunc:  :o  the  cantilever,  is  supported  centrallv  between  two  canti- 
levers:  b'^:  ov'cas-.onally  the  i:irder  extends  over  a  shore  span  of  the 
br:d;:e,  .i:*.d  is  suvtvnevl  a:  one  end  on  the  shore  abutment,  of  which 
the  Men'.ph".>  ar.d  Hucl"-  .U*.b ilee  bridges  furnish  instances  (Figs.  91 
a:v.  04'. 

The  ir.crvasevi  depth  ov^r  the  piers  necessitated  by  the  bending 
:no:ne:::>  ar.d  shiaring  stresses  of  cantilever  bridges,  reaching  a  maxi- 
mum/. ov;.r  :h;.-.r  sv.v;  ^^rts.  is  tttectevi  downwards  in  deck  bridges,  such  as 
the  Foiub.kv^;  s'c  and  Nia^tani  brid*:es  1  Fics.  90  and  92),  and  upwards 
\v\  thro.ub.  Vr-.J.j:^s.  \xherc  the  tni.n  passes  between  the  girders,  as  in  the 
Menn>".s  .i"vi  H;:cli  Inbilee  Ir.dites  i  Fi^s.  qi  and  04):  and  where  the 
rc.:i:".<".te  dc:  t:\  is  ver>  itrcat,  as  for  the  Forth  and  Sukkur  bridges, 
t:-^  c.i!\:.'ev::<  are  carruv.  both  above  and  below  the  roadway  of  the 
br.cUt  '  I  U-.  >o  a!v.  oj;-.  Moreover,  these  last  two  very  high  canti- 
k-VLrs  h.iVi  bt-.n  strcnjithened  against  wind-pressure  by  widening  thero 
out  o  ^".  side  nib  ly  towards  rhL-.r  base,  and  especially  over  their  piers,  as 
shown  on  the  i  la:i>  of  these  bridi^es. 

Cantilever  Bridges  compared  with  ContinaouB  GirderB.— 
The  L;reat  advantaizes  of  reviiicinc;  t:ie  enective  span  and  weight  of  the 
srirdcrs  in  the  central  ^K^rtion  of  lari:e  o^vnings,  and  concentrating  the 
chivf  wti.;ht  and  stresses  on  the  licrs.  are  shared  bv  cantilever  and 
conti:iL:^us--:irc!er  bridges  alike.  Moreover,  the  bending  moment  which 
di>ap: -jars  at  ihc  point  of  inflexion  in  continuous  girders,  also  becomes 
/'_ro  at  t:ie  ends  of  the  cantilevers  :  w'nilst  the  upper  member  of  a  canti- 
levr:r  is  in  tension,  and  the  lower  is  i!i  compression,  precisely  like  the 
portion-  of  a  continuous  ^rirder  over  t'ne  piers  between  the  points  of 
inflexion.  The  chief  diflercnce  between  the  two  systems  lies  in  the  fact 
that,  whereas  the  point  of  inflexioTi  in  continuous  girders  is  changed  it* 
position  by  alterations  in  the  distribution  of  the  moving  load,  the  placs 
where  the  bending  moment  disappears  is  fixed  in  cantilever  bridges  by  the 
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discontinuity  or  hinging  of  the  central  girder  at  the  end  of  the  cantilever. 
The  insignificance,  however,  of  this  difference  as  regards  the  stresses 
under  ordinary  conditions,  is  illustrated  by  the  Kentucky  River  Bridge, 
which  was  designed  and  erected,  in  1877,  as  a  continuous-girder  bridge 
across  three  spans  of  375  feet,  but  after  erection  had  its  bottom  choids 
severed  at  the  points  of  inflexion,  75  feet  on  the  shore  side  of  the  two 
river  piers,  so  that  the  shore  300  feet  of  the  girders  on  each  side 
became  only  hinged  to  the  central  portions,  525  feet  in  length,  extend- 
ing out  beyond  the  river  piers  *  (Fig.  95).     This  arrangement,  fixing 
permanently  the  positions  of  the  points  of  inflexion  and  the  zero  points 
of  the  bending  moments,  was  adopted  so  as  to  avoid  the  variations  in 
the  stresses  which  would  have  been  produced  by  the  rising  or  falling  of 

CONTINUOUS  QIRDER  CONVERTED   INTO  CANTILEVER. 
FiC-  96.— Kentucky  Rlv«r  Bridge. 
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the  high,  iron,  river  piers  imder  changes  of  temperature,  whilst  the 
abutments  remain  unaltered ;  though  it  appears  that  the  variations  in 
the  stresses  from  this  cause  would  have  been  quite  small.-  As  this 
modification  of  the  continuous  girder  may  be  regarded  as  converting  iti 
in  a  certain  sense,  into  a  cantilever  bridge  of  the  type  of  the  HiigH 
Jubilee  Bridge,  the  Kentucky  River  Bridge  has  sometimes  been  called 
the  first  metal  cantilever  bridge  erected ;  but  the  Niagara  Bridge  is  * 
more  perfect  type  of  cantilever.  The  Kentucky  River  Bridge,  however, 
shows  how  close  is  the  resemblance  between  continuous-girder  and 
cantilever  bridges. 

Continuous  girders  are  the  most  suitable  for  small  or  moderate 
spans,  where  the  piers  are  not  liable  to  settlement,  as  providing  a  men 
rigid  construction ;  whereas  the  cantilever  system  is  much  better  fo 
very  large  spans,  in  which  the  large  dimensions  of  the  parts  ensur 
rigidity,  for  it  is  unaffected  by  slight  settlements  of  the  piers,  am 
contraction  and  expansion  is  readily  provided  for  at  the  discontinuou 
points  at  the  ends  of  the  cantilevers. 

Erection  of  Cantilever  Bridges.— Building  out  from  the  piei 

*  Proceedings  Inst.  C.E,,  vol.  liv.  p.  183,  and  plate  8. 

=  **  A  Practical  Treatise  on  Bridge-Construction,"  T.  Claxton  Fidler,  p.  148. 
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OD  each  side  is  specially  applicable  for  the  erection  of  symmetrical 
omtilever  bridges,  such  as  the  Forth  and  Niagara  bridges  (Figs.  89  and 
9s,  p.  175) ;  for  the  cantilever  portions  are  subjected  in  die  process  of 
erection  to  exactly  similar  strains  to  those  which  they  are  designed  to 
bear  when  completed ;  and  it  is  only  the  relatively  short,  central  girder 
widch  does  not  share  this  advantage.  This  system  of  erection  would 
iIk)  be  equally  suitable  for  the  portions  of  a  continuous  girder  extending 
Mt  on  each  side  of  the  piers  to  the  points  of  contrary  flexure,  provided 
the  piers  were  made  as  wide  as  in  the  case  of  cantilever  bridges  erected 
in  this  manner.  The  erection  of  the  Forth  Bridge  by  building  put 
qrnunetrically  and  simultaneously  from  each  of  the  three  piers,  is 
putially  illustrated  at  three  different  stages  in  Fig.  96 ;  and  the  Niagara 

BUILDING  OUT  CANTlLEVERa 
Fig.  06.— Forth  Bridge. 


Bridge  was  similarly  built  out  from  its  two  metal  piers  over  the  river,  till 
^lak  the  central  girder  was  joined  in  mid-air  at  a  height  of  about  220 
^  above  the  foaming  Niagara  rapids. 

The  Sukkur  Bridge,*  and  the  cantilever  spans  .of  the  Poughkeepsie 
^  Memphis  bridges  were  also  erected  by  building  out  (Figs.  90,  91, 
^93»  P*  i75)>  being  counterpoised  in  the  first  case  by  the  land  ties, 
^  in  the  other  bridges  by  the  girders  of  the  intermediate  spans ;  but 
tbcse  intermediate  girders,  and  the  central  girders  over  the  outer  621-feet 
Jpui  of  the  Memphis  Bridge  had  to  be  erected  by  aid  of  temporary 
staging.  In  the  case  of  the  Hiigli  Jubilee  Bridge  (Fig.  94,  p.  175),  the 
central  halves,  180  feet  in  length,  of  the  central  girders  were  erected  on 
sts^g  extending  out  from  the  piers,  and  only  the  end  90  feet  of  the 
projecting  cantilever  ends  on  each  side  were  built  out ;  whilst  the  shore 
girders  were  rolled  out  along  the  approach  viaducts,  the  outer  end  of 
each  girder  being  at  the  same  time  supported  and  floated  out  by  a 
pontoon,  on  which  staging  had  been  erected,  till  it  was  finally  deposited 
on  the  end  of  its  cantilever.^ 


*  Proceedings  Inst,  C,E.,  vol.  ciii.  p.  124,  and  plate  6. 
'  Ibid,,  vol.  xcii.  p.  85,  and  plate  i,  figs,  i  and  4. 
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CantileYer  Bridges  of  Large  Span. — ^The  concentration  of  ^ 
greatest  weight  and  stresses  of  a  cantilever  bridge  over  the  piers  am 
die  sides  of  Sie  span,  and  their  corresponding  reduction  over  the  centn 
portion,  combined  with  the  self-contained  and  balanced  character  ( 
the  structure  with  true  cantilevers,  and  its  adaptability  for  buildix 
out,  render  the  cantilever  system  specially  suitable  for  bridging  \zx\ 
spans. 

By  building  a  pier  at  the  edge  of  the  Niagara  River  on  each  dde, 
the  foot  of  the  slopes  of  the  gorge,  it  was  possible  to  reduce  the  sp 
across  the  river,  from  the  821  feet  of  the  old  suspension  bridge,  doi 
to  470  feet,  the  side  slopes  of  the  gorge  being  spanned  by  the  she 
portions  of  the  cantilever^  (Fig.  92,  p.  175).  The  bridge  consists 
a  shore  cantilever  arm,  195  feet  long,  on  each  side,  erected  on  stagi 
and  anchored  down  to  a  masonry  pier  on  the  bank,  a  panel  25  feet  lo 
over  each  tower,  and  two  river  arms,  175  feet  long,  supporting  an  int 
mediate  girder  between  them,  120  feet  in  length,  and  26  feet  de( 
Each  masonry,  anchorage  pier,  with  the  ironwork,  weighs  about  8 
tons;  whereas  the  lifting  force  at  the  shore  end  of  each  cantilei 
amounts  only  to  about  270  tons  under  the  most  unfavourable  distributii 
of  the  load.  The  upper  members  of  the  shore  arm  being  mainly 
tension,  but  being  subject  to  some  extent  to  compressive  stresses  by  t 
loading  of  the  arm  itself,  are  composed  chiefly  of  eye-bars,  8  inch 
wide,  and  from  i  j^  to  i|-  inches  thick,  with  a  compression  member  inti 
duced  between  them,  formed  of  two  web-plates,  angle-irons,  and  lattic 
work ;  whilst  the  upper  chords  of  the  pier  panels  and  river  arms  consi 
wholly  of  eye-bars.  The  lower  members  of  the  cantilevers,  being  i 
compression,  are  composed  of  plates  and  angle-irons.  Owing  to  tl; 
short  time  allowed  for  construction,  only  the  pins  and  large  compressic 
members  were  made  of  steel,  wrought  iron  being  used  for  the  remaind< 
as  more  readily  procurable  of  reliable  quality.  The  foundations  of  tb 
piers  were  commenced  in  April,  1883,  and  the  bridge  was  completed! 
the  following  December. 

A  precisely  similar  design  had  been  previously  prepared  for  a  sonK 
what  smaller  bridge  to  carry  the  Canadian  Pacific  Railway  across  tb 
Fraser  River ;  but  this  bridge,  which  has  dimensions  between  the  bari 
and  the  centres  of  the  piers,  of  105,  315,  and  105  feet,  and  carries  tk 
railway  at  a  height  of  125  feet  above  low-water  level  in  the  river,  wi 
only  erected  in  1885. 

The  Poughkeepsie  Bridge,  commenced  in  1886,  crosses  the  Hudsc 
River  with  five  large  spans,  three  of  which  are  formed  by  cantileven 
with  a  minimum  headway  under  the  intermediate  girders  of  130  fe 
at  high  water,  and  a  maximum  headway  of  168  feet  imder  the  centi 
girders,  212  feet  long,  supported  by  the  cantilevers,  each  160  feet 
length  (Fig.  90,  p.  175).  The  shore  arms  of  the  side  cantilevei 
extending  over  the  slopes  of  the  banks,  are  200  feet  long.  The  tf 
side  cantilever  openings  attain  a  span  of  548  feet  between  the  centr 

*  Transactions  of  the  American  Society  of  Civil  Engineers,  vol.  xiv.  p.  499,  a 
plates  49  to  63  and  photograph. 

'  Ihid,,  vol.  xviii.  p.  199,  and  plates  40  to  59. 
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TS ;  whilst  the  span  of  the  two  intermediate  girders,  extending 
iers  with  projecting  cantilever  arms,  is  only  23  feet  less, 
emphis  Bridge,  the  steel  superstructure  of  which  was  erected 
[arch,  1 89 1,  and  May,  1892,  crosses  the  Mississippi  with  three 
;,  the  channel  cantilever  span  being  similar  in  arrangement  to 
Qtilever  spans  of  the  Poug^eepsie  Bridge,  but  reaching  a  span 
t  between  the  centres  of  its  piers,  and  having  the  double 
*der  system  of  bracing  continued  along  the  cantilever  span, 
in  the  intermediate  girder*  (Fig.  91,  p.  175).  As  the  inter- 
rder  is  subject  to  a  reversal  of  strains  from  the  loading  of  its 
cantilevers,  and  the  central  girder  in  the  channel  sp)an  was 
om  its  cantilevers,  the  bottom  members  of  these  girders,  as 
2  bottom  members  of  the  cantilevers,  were  made  stiff  with 

angle-irons  to  resist  compression;  and  this  stiffness  was 
0  the  bottom  member  of  the  side  girder  in  the  62  i-feet  span, 
t  bottom  members  stiff  throughout,  in  order  to  add  to  the 

the  bridge  and  reduce  vibrations  and  deflections.  The  top 
lowever,  of  the  cantilever  arms  consist  of  a  series  of  eye-bars, 
he  parts  of  the  bracing  in  tension.  Provision  has  been  made 
on  and  contraction  by  sliding  joints  at  the  ends  of  the  canti- 
i  the  intermediate  girder  is  free  to  move  on  rollers  on  the 
ing  the  channel  sp)an,  and  is  fixed  on  the  other  pier.  The 
ders  have  a  span  of  621  feet  between  the  centres  of  their 
the  side  spans  are  bridged  over  by  suspended  girders  in  both 
feet  long,  and  one  cantilever  arm  over  the  621 -feet  span,  and 
over  the  channel  span,  each  169  feet  long ;  whilst  a  canti- 
226  feet  long,  stretches  over  the  slope  of  the  river-bank  on 

el  cantilever  sj)an  of  the  Sukkur  Bridge,  the  erection  of  which 
enced  in  April,  1887,  and  completed  in  February,  1889,  is 
,  for  being  a  cantilever  bridge  having  only  a  single  span,  for 
3f  its  cantilevers  which  amounts  to  about  a  fifth  of  the  span, 

large  dimensions  of  the  members  of  the  cantilevers  (Fig.  93, 
This  span  of  the  bridge  consists  of  two  single  cantilevers 
)ut  310  feet  from  their  supports  on  each  side,  and  carrying  a 
ler  span  of  200  feet  at  their  ends,  leaving  a  clear  opening  of 
tween  the  abutments  on  the  banks  of  the  deep  Rori  branch 
er  Indus  at  Sukkur.'  The  cost  of  this  cantilever  portion  of 
appears  to  have  been  about  ;^i 85,300.  The  adoption  of  the 
zb\  form  of  a  cantilever  bridge  for  spanning  a  single  opening, 

be  justified  by  the  impossibility  of  maintaining  staging  in 
i\  of  the  river  for  a  sufficient  period  for  the  erection  of  an 
rder  bridge,  necessitating  erection  by  building  out,  as  well  as 
greater  size  of  span  than  had  at  that  time  been  bridged  by 
id  girders, 
ibilee  Bridge  erected  across    the  River  Hiigli  at  Hiigli  in 

ritons  of  ike  Afnerican  Society  ./  Civil  Engimers^  vol.  xxix.  \>,  573, 

to  19. 

ngs  Inst.  C.E.f  vol.  ciii.  p.  123,  and  plates  4  to  6. 
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1884-86,  is  notable  as  a  peculiar,  symmetrical  form  of  cantilever  bridge, 
with  a  central  cantilever,  360^  feet  long,  supported  on  two  river  piers, 
leaving  a  clear  span  between  them  of  only  95^  feet,  and  two  side  spans 
of  520  feet  in  the  clear,  bridged  by  the  projecting  cantilevers  extending 
118  feet  out  from  the  piers,  and  by  girders,  420  feet  long,  resting  on 
the  ends  of  the  cantilevers  and  the  abutments  *  (Fig.  94,  p.  175).  This 
arrangement  of  the  spans,  instead  of  three  equal  spans,  enabled  the 
pier  adjoining  the  deep  navigable  channel  to  be  built  in  comparatiTely 
shallow  water,  and  the  cantilever  to  be  erected  with  only  the  aid  of 
staging  jutting  out  from  the  piers  in  a  fan-like  form ;  and  the  large  spans 
on  each  side  have  the  advantage  of  affording  a  wide  navigable  channel 
for  the  larger  vessels  alongside  the  right  bank,  and  a  second  wide  shallow 
channel  on  the  opposite  side,  for  the  small  craft,  which  prefer  that  side 
owing  to  the  slower  currents.  The  bridge,  which  carries  a  double  line  of 
railway,  with  its  approach  viaducts,  cost  ;£'26i,2oo. 

The  Forth  Bridge  crosses  the  two  deep  channels  into  which  the 
Firth  of  Forth  is  divided  by  Inchgarvie  Island  opposite  Queensfeny, 
with  two  spans  of  17 10  feet,  affording  a  clear  headway  of  150  feet  at 
high  tide  for  the  central  500  feet  of  each  span  (Fig.  89,  p.  175).'    This 
steel  bridge  consists  of  three  huge  symmetrical  cantilevers,  eadi  resting 
on  a  group  of  four  piers  built  on  the  shore  sides  of  the  charmels  and 
on    Inchgarvie   Island  (see  p.   77),  having  tapering  cantilever  arms 
projecting  out  680  feet  on  each  side  from  the  central  columns  erected 
on  the  piers.^    The  shore  arms  of  the  side  cantilevers  extend  over  the 
foreshores  of  the  Firth,  and  join  the  approach  viaducts  on  each  bank  ; 
whilst  the  other  arms  extend  over  the  main  sj)ans,  and  together  with  the 
iuius  K^i  the  central  Inchgarvie  cantilever,  support  at  their  extremities 
ilu'  two  jxiirs  of  lattice  girders  which  span  the  central  350  feet  of  the 
l.n>;e  v>|K'nings.     As  the  outer  arms  of  the  shore  cantilevers  have  to  bear 
\\.\\\  the  weight  of  the  central  girders  and  of  the  train  loads  which  may 
|v.isN  v»\er  them,  the  shore  arms  have  been  made  heavier  than  the  others  ; 
.uul  .uUhtional  weight  has  been  added  at  their  extremities  sufficient  tc' 
» x»\n\u  ipo»se»  with  an  excess  of  200  tons  in  each  case,  half  the  weight  o» 
\\w  \\\\\\a\  i^uilers  with  their  maximum  train  load,  so  as  to  ensure  th^ 
n\,»mi*  n.\iu\'  ot   the  balance  of  these  cantilevers.    The  length  of  th^ 
xxnn  \\  jsMtions  v>f  the  shore  cantilevers,  resting  on  the  piers,  is  is5 
Us\  .  Imu  the  wnti^il  \\\x\  of  the  Inchgarvie  cantilever  has  been  mad^ 
•  o  \<s  \  Km\^<.  Ivm  though  the  cantilever  arms  are  symmetrically  loadecJ- 
\\\  \\\\ .  ^  iv^  wuh  half  the  weight  of  the  central  girders  at  each  end,  th^ 
V  umU  \x  \  IX  UaMv-  t\»  be  K\uk*ii  unequally  by  the  centre  of  one  of  th^ 
\\\\\\\  ,j^»nx  t»\n\v;  tullv  Uxidt\l  with  two  passing  trains  when  the  other i^ 
oupu ,  whu  \\  Imn  bvvn  providtxl  for  by  an  additional  length  of  support^ 
.\*  w  ^.ouu»t  Iv  v>n»UeriK>ised.     The  central  portions,  or  towers  of  th^ 

*     ^.w »»-■•-.,»  .'wi.,  v'  ,V.,  \v»l.  xcii.  p.  73,  and  plate  i. 

\  t»>   ^  U  \.oi%ta  mu(  pUn  \^'  the  Forth  Bridge  on  p.  175,  have  had  to  bednw^:^' 
\     »»«x   'S'\\s  \»t  ^tn%v  Ul\h*  \4  that  v»f  the  other  cantilever  bridges,  to  bring  it  withic^ 

'  '    U**  \wys  |iiKt|!\\"  \\\  \Ve»ihofen,  reprinted  from  Engintering^  Febniaiy  iS^ 
»V\»  ■  ******  ^**s*»»*»\i"-7^/.  <\A.,  vol.  cxxi.  j^  309. 
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cantilevers,  rise  to  a  height  of  330  feet  above  their  piers ;  and  their 
width  across,  which  is  33  feet  at  the  top,  increases  to  120  feet  at  their 
base ;  and  the  sides  of  the  cantilevers  widen  out  similarly  downwards  in 
proportion  to  their  height,  to  strengthen  the  bridge  against  lateral  wind- 
pressure,  which,  with  the  assumed  maximiun  of  56  lbs.  on  the  square 
foot,  would  amount  to  2000  tons  against  one  of  the  large  spans.     The 
bottom  compression  members  of  the  cantilevers  are  formed  of  straight 
lengths  of  tubes,  12  feet  in  diameter,  and  i\  inches  thick,  connected 
togedier  at  a  slight  angle  to  each  other,  so  as  to  present  a  curved 
outline;  and  they  converge  horizontally  from  120  feet  at  the  towers  to 
3a  feet  at  their  extremities  (Fig.  89,  p.  175).     Rocking  columns  were 
interposed  between  the  ends  of  the  central  girders  and  the  extremities  of 
the  Inchgarvie  cantilever  arms,  to  allow  for  longitudinal  expansion  and 
contraction ;  whilst  the  shore  arms  of  the  side  cantilevers  are  left  free  to 
slide  on  their  abutments.     The  chief  strains  on  a  bridge  having  these 
unparalleled  spans,  are  clearly  due  to  the  large  dead  weight  which  has 
to  be  home ;  for  the  ordinary  maximum  moving  load  on  the  Forth 
Bridge,  of  800  tons,  is  only  one-twentieth  of  the  weight  of  one  of  the 
large  spans.     The  foimdations  for  the  piers  were  commenced  early  in 
18S3;  A^  ^^  bridge  was  opened  for  traffic  in  March,  1890,  having 
cost  altogether,  with  its  approach  railways  and  other  expenses,  about 
;f3,ooo,ooo. 


Movable  Bridges. 

When  a  navigable  river,  canal,  or  dock  has  to  be  traversed  at  a  low 
level  by  a  bridge  for  a  road  or  a  railway,  it  is  necessary  to  provide 
for  the  passage  of  masted  vessels  or  steamers  by  making  the  bridge 
movable. 

Tsrpes  of  Movable  Bridges. — There  are  four  distinct  types  of 
Dttovable  bridges,  namely.  Swing  Bridges,  Traversing  Bridges,  Bascule 
Bridges,  and  Lift  Bridges;  whilst  when  a  floating  bridge  resting  on 
|>oais  or  pontoons  is  placed  across  a  river,  part  of  the  central  portion 
IS  made  readily  detachable,  so  that  a  clear  passage  can  be  opened  when 
Quired  for  vessels  or  barges  navigating  the  river. 

Swing  Bridges. — A  bridge  balanced  and  swinging  round  a  quadrant 
of  a  circle  horizontally  on  a  pivot,  is  the  most  common  type  of  movable 
bridge  for  crossing  a  waterway,  three  forms  of  which  have  been  con- 
structed. Formerly  the  most  common  form  of  swing  bridge,  especially 
when  cast  iron  was  the  material  generally  used,  consisted  of  two  counter- 
palanced  halves  turning  round  on  pivots  on  the  abutments  and  meeting 
^  the  centre  of  the  span,  of  which  the  wrought-iron  bridge  across  the 
^ver  Penfeld  at  Brest,  giving  a  clear  width  between  its  abutments  of 
350  feet,  erected  in  1861,  is  probably  the  largest  example^  (Fig.  97). 
*^s  form  of  bridge  has  to  be  counterbalanced  by  a  heavy  tail-end  on 
"^^  shore  side  of  each  pivot ;  and  its  swing  portions  are  really  cantilevers, 
"*ough  they  sometimes  derive  a  certain  amount  of  support  when  closed 

*  Annaks  des  Fonts  et  Chausiksy  1867  (2),  p.  265,  and  plates  150  to  153. 
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across  the  waterway  by  the  abutting  of  the  extremities  together  at  tbc 
centre. 

The  most  economical  fonn  of  swing  bridge  for  the  amount  of  open 
waterway  provided,  is  where  the  river  or  canal  is  divided  into  two 
channels  by  a  central  pier,  on  which  a  symmetrical  swing  bridge  turns 
stretching  across  two  equal  openings  when  closed.    This  form  of  bridge 


8WINQ  BRIDGE   IN   TWO  HALVES. 
Fig.  97.— Brest  Harbour. 


is  a  continuous  girder  across  two  openings  when  closed,  and  a  cantileTer 
when  open ;  and  therefore,  whether  open  or  closed,  the  greatest  stresses 
are  concentrated  over  the  central  pier  where  the  superstructure  can  be 
advantageously  given  a  greater  depth.     A  fine  example  of  this  form  of 


8WINQ  BRIDGE  ACROSS  TWO   EQUAL  SPANa 
Fig.  98.— New  London,  U.S. 
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swing  bridge  was  erected  over  the  navigable  channel  of  the  Thames 
River  at  New  London  in  1888-89  (Fig.  98),  affording  two  clear 
channels  on  each  side  of  the  pier  carrying  the  bridge,  each  227^  feet 
in  width,  which  can  be  opened   under  favourable  conditions  in  if 
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linntes.'  Each  half  in  this  case  balances  the  t»her  half  whea  swioging 
xmd,  thereby  avoiduig  the  necessity  of  using  any  additional  material 
lerely  as  a  counterpoise. 

The  cotQtQonest  form  of  swing  bridge  in  the  present  day,  especially 
:rosa  locks  and  entrances  to  docks,  and  at  other  pilaces  where  cmly  one 
lannel  has  to  be  opened  for  navigation,  consists  of  a  long  swing  portion 
anning  the  opening,  and  a  shorter  tail-end  made  specially  heavy  and 
eighted  near  its  extremity  with  cast-iron  kentledge,  so  as  to  rather  more 
lan  counterbalance  the  swing  portion  during  the  opening  and  closing 
F  the  bridge.  The  Hawarden  Bridge,  which  carries  a  double  line  of 
lilway  across  the  Dee,  some  miles  below  Chester,  and  was  completed 
1 1S89,  affords  a  large  example  of  this  form  of  swing  bridge,'  giving  a 
tear  opening  for  navigation  of  140  feet,  in  which,  moreover,  unlike 
■ing  bridges  at  docks,  the  tail-end  is  utilized  as  a  portion  of  the  bridge 
Fig.  99).     The  two  steel  lattice  girders  which  cany  the  movable  portion. 


"*ve  a  length  of  384^  feet,  divided  unequally  at  the  pivot  into  a  length 
of  i6gi  feet  for  the  swing  part,  and  ii6J-  feet  for  the  tail-end,  and  a 
■"^Umum  depth  at  the  point  of  support  of  32  feet,  decreasing  to  9^  feet 
'■  llieir  ends.  The  tail-end  is  counterpoised  with  a  habnce  weight  of 
"jj  tons,  giving  it  a  preponderating  weight  of  8  j  tons  over  the  swing 
POfion.  The  movable  portion,  weighing  753  tons,  can  be  turned  into 
™*  with  the  river  over  its  pier,  fully  opening  the  channel,  in  25-  minutes. 
Sffing  bridges  are  generally  worked  by  hydraulic  machinery.  The 
"■•■ge  being  first  slightly  raised  by  hydraulic  pressure  in  the  press  under 
^  pivot,  and  resting  also  lightly  on  rollers  at  the  extremity  of  its  tail- 
■"('f  is  turned  on  a  water-centre  by  chains  worked  by  hydraulic  rams, 
')'  *hich  means  a  heavy  bridge  can  be  rapidly  opened  and  closed.  A 
'^e  swing  bridge,  spanning  two  openings,  carried  by  girders  500  feet 

"  Conslruction  of  the  Thames  River  Bridge  at  New  London,"  X.  P.  Boiler, 
"Vork,  1890. 
'  Prmieiinp  Iml.  C.E.,  vol.  cviii.  p.  304,  and  plate  10. 
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long,  and  weighing  2000  tons,  recently  erected  over  the  St.  Louis  Riva 
near  the  head  of  Lake  Superior,  is  opened  in  2  minutes  by  electiic 
motors.* 

TraYendng  Bridges. — This  type  of  movable  bridge,  rolling  bad- 
wards  and  forwards  across  an  opening,  is  only  resorted  to  when  the  quay 
on  either  side  of  the  opening  is  not  long  enouigh  to  accommodate  a  swing 
bridge  when  opened.  Under  these  circumstances,  a  traversing  bridge, 
provided  with  a  counterpoised  tail-end  like  a  swing  bridge,  can  be  raised 
from  its  supports,  and  drawn  back  on  rollers  along  one  of  its  approaches 
till  it  leaves  the  opening  clear,  without  encroaching  at  all  on  the  limited 
quay.    The  illustration.  Fig.  100,  shows  a  traversing  bridge  erected  many 

TRAVERSING  BRIDGE. 
Fif.  10a— Millwall  Docks,  London. 
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years  ago  to  span  an  opening  of  80  feet  between  two  narrow  projectioti' 
serving  to  form  a  division  between  the  two  large  basins  of  the  Millwai 
Docks,  London,  whose  only  connection  is  through  the  opening.*  Tb< 
dotted  lines  in  the  figure  indicate  the  extent  to  which  the  bridge  has  t< 
be  raised  to  enable  it  to  be  drawn  back  over  its  approach  clear  of  tb^ 
opening ;  and  the  movements  are  effected  by  hydraulic  machinery  placed 
below  the  quay  under  the  tail-end  of  the  bridge.  A  similar  bridge 
carried  by  steel  girders  i54f  feet  long,  and  nmning  on  steel  rollers,  ha^ 
been  erected  at  the  Barry  Docks,  for  spanning  the  passage  between  th< 
dock  and  basin,  80  feet  in  width.' 

Bascule  Bridges. — The  drawbridges  across  the  moats  of  ancieo 
fortresses  were  primitive  forms  of  bascule  bridges,  turning  on  a  horizonta 
hinge;  dttd  wooden  bascule  bridges  of  small  span,  with  overheai 
counterpoise  beams,  are  much  used  in  Holland  for  crossing  the  numeroa 
canals  of  that  country.  This  type  of  bridge  has  not  been  much  employee 
elsewhere ;  though  a  cast-iron  bascule  bridge  in  two  halves,  forming  ai 
arch  when  closed,  was  erected  in  1839  ^^^  carrying  the  North-Easten 
Railway  across  the  Ouse  at  Selby,  with  a  clear  span  of  45  feet,*  whicl 
was  only  replaced  by  a  wrought-iron  swing  bridge  in  1891.  The  Towe 
Bridge,  opened  in  1894,  spanning  a  central  opening  of  200  feet,  with  tw 
balanced  cantilever  leaves  revolving  on  horizontal  pivots  on  the  pier 

*  Eltctrical  Worlds  New  York,  1897,  vol.  xxx.  p.  7. 

^  Proceedings  Inst,  C,E,j  vol.  1.  p.  86,  and  plate  4,  fig.  22. 

'  Ib:d.,  vol.  ci.  p.  145,  *  Ibid,,  vol.  Ivii.  p.  3,  and  plate  l,  fig.  I. 
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into  a  vertical  position  for  opening  the  bridge  to  navigation,  and  'iv<'ft"g 
in  the  centre  of  the  span  when  the  bridge  is  closed  for  the  passage  of  the 
road  traffic,'  is  considerably  the  largest  baacole  bridge  hitherto  erected 
(Fig.  loi),  the  next  latest,  at  Rotterdam,  spuinii^  an  opening  of  od\j 
79  feet.  Each  leaf  is  carried  by  four  steel  girders,  163  feet  long,  placed 
13)  feet  apart,  the  bascule  portion  being  iis^  feet  long,  and  the  tail-end, 


Utbeback  of  the  pivot,  49A  feet  in  length.  The  tail-end  is  ballasted  with 
TS  Uns  of  cast  iron,  and  390  tons  of  lead,  owing  to  the  limited  spare 
'"ilableiso  as  to  counterpoise  the  bascule  portion,  and  bring  the  c':nit<: 
•^gravity  of  the  leaf,  which  weighs  1070  tons,  on  to  the  centre  of  thi; 
•"lid  steel  pivot,  zi  inches  in  diameter  and  48  feet  long,  on  whi'h  th*; 
W  revolves.  Each  bascule,  when  raised,  leaves  a  clear  opening  in  a 
'ids  with  its  pier,  limited  only  above  by  the  high-level  footway,  affording 
'headway  of  141  feet  above  high  water  of  spring  tides;  whilst  the  lail- 
^  tils  into  a  quadrant  recess  provided  for  it  in  the  pier.  The  hascules 
?fe  raised  and  lowered  by  pinions  moved  by  hydraulic  pfjwer,  working 
■"  i^ental  racks  fastened  to  the  tail-ends  ;  and  the  interruption  to  the- 
"Wl  ttaflSc  at  each  raising  of  the  bascules,  is  only  six  minutes  on  the 
iWrage,  and  has  sometimes  been  as  little  as  three  minutes. 

The  bascule  system  is  very  suitable  for  the  Tower  Bridge,  where  a 
'*ing  bridge  when  opened  would  have  occupied  too  much  space  in  the 

'  Procttdinp  Iml,  C.E.,  vol.  cixi.  p.  310 ;  and  vol.  cxxvii.  p,  35,  and  jiUd-s 
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middle  of  a  crowded  river,  and  where  the  bascules  when  raised  are  pro- 
tected by  the  toweis ;  but  raised  bascules  fonn  an  obstruction  on  a  qnaj, 
and  present  a  large  surface  to  the  wind  ;  whilst  a  deep  lecess  has  to  be 
provided  to  receive  the  tail-end  when  tbe  bascule  is  raised,  and  a  beivy 
counterpoise  has  generally  to  be  added  to  balance  the  bascule. 

Lift  BrldgeB.^Sometimes,  when  very  little  space  can  be  obtained 
for  a  movable  bridge,  the  bridge  is  only  made  just  long  enough  to  spu 
the  waterway,  and  is  hfted  vertically  by  chains  at  the  four  comers  to  > 
sufficient  height  to  aflbid  the  requisite  headway  for  vessels  nav^atii^ 
the  waterway.  Instances  of  this  type  of  bridge  are  rare,  but  a  lift  bridge 
was  erected  in  1849  over  the  Surrey  Canal,  for  the  passage  of  a  btaiidi 
of  the  Brighton  Railway ; '  two  of  these  bridges  cross  the  Ourcq  Canal  in 
Paris,"  and  two  traverse  the  Oswego  Canal  at  Syracuse ;  whilst  lite 
lai^est  of  these  bridges  was  recently  constructed  at  Chicago,  for  conveying 
the  traffic  of  Halsted  Street  across  the  Chicago  River  (Fig.  101).    Thii 


j^flmlnmlnllV 


liitter  bridge,  having  a  span  of  130  feet,  and  carrying  a  roadway  of  36 
ft'ct  and  two  footways  of  7  feet  in  width,  is  lifted  by  steam-power  to  a 
height  of  155  feet  above  the  river,  by  means  of  steel-wire  cables  travel- 
linj;  round  wheels  canied  by  a  platform  supported  on  the  top  of  two 
liglit,  steel,  lattice  towers,  aoo  feet  high,  erected  at  each  end  of  the  bridge. 


'  Amala  da  P^ts  tt  CMausiits,  1 
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aiding  its  movements.^  The  lifting  of  this  bridge  wfaidi,  with  its 
Qg  appliances,  weighs  600  tons,  is  facilitated  as  usual  by  counter- 
±ig  weights ;  and  masted  vessels  pass  under  it  when  raised  to  its 
light 

ioatixig  Bridges  with  Movable  PortioiL — Bridges  of  boats 
id  across  the  Rhine,  Danube,  and  other  rivers,  from  the  nature  of 
:onstruction,  can  be  readily  made  to  open  at  a  suitable  part  of  the 
el  for  the  passage  of  vessels.  The  Howrah  Floating  Bridge  coo- 
g  Calcutta  with  Howrah  across  the  Hilgli,  constructed  in  1 87  3-74, 
ne  example  of  this  class  of  bridge,  1530  feet  long  between  its  abut- 
I,  and  providing  a  roadway  48  feet  wide,  and  a  footway  on  each  side 
in  width.'  llie  bridge  is  carried  by  twenty-eight  rectangular  iroii 
ons,  160  feet  long  and  10  feet  wide,  coupled  in  pairs  to  ensure 
ity,  and  moored  at  both  ends ;  and  the  bridge  is  opened  at  slack 
y  running  back  drawbridges  on  each  side  of  the  two  central  sections, 
ng  these  sections  upstream,  disconnecting  them,  and  drawing  the 
ent  section  on  each  side  clear  of  the  opening  of  200  feet  thus 
sd.  As  the  bridge  is  raised  sufficiently  by  staging  on  the  pontoons 
ford  a  headway  through  the  navigable  openings  of  30  feet  for  the 
srous  native  craft,  it  has  only  to  be  opened  two  or  three  times  a 
:  for  the  passage  of  large  vessds.  This  bridge  cost  ;^i  82,000 ;  and 
ts  preferred  to  a  fixed  bridge,  owing  to  the  difficulties  and  cost  of 
ding  piers  in  the  silty  bed  of  a  river  where  obstructions  in  a  rapid 
ent  les^  to  a  great  amount  of  scour,  and  the  time  the  construction  of 
Kd  bridge  would  have  occupied. 

'  Engineering  Nnus,  New  York,  voL  xxxi.  p.  320. 

*  Proceedings  Inst,  C.E,^  voL  liii.  p.  3,  and  plates  I  and  2. 


CHAPTER   XII. 
VIADUCTS  AND  TUNNELS. 

Viaducts :  in  place  of  embankments  and  bridges  ;  materials  used,  and  fonn^ 
examples ;  remarks,  uses  of,  definition — Tunnels^  in  place  of  cutdn^ 
advantages,  in  rugged  country,  for  special  purposes,  classification- 
Ordinary  Tunnels  with  Shafts :  influence  of  strata ;  shafts,  advan* 
tages,  construction  and  form,  position ;  excavation  and  timbering,  EnglisI 
system  ;  Belgian  system  ;  central  core  system  ;  Austrian  method  d 
timbering ;  American  system  of  timbering ;  iron  framing ;  throogk 
headings,  and  side  drifts ;  difficult  conditions,  with  examples  ;  sections  d 
tunnels,  objects  of  different  types  with  instances  ;  construction  of  linii^i 
order  of,  with  different  systems,  precautions  necessary ;  drainage  i> 
tunnels,  provisions ;  cost  of  tunnels,  varying  with  strata,  various  examptel 
remarks,  uses  of  tunnels,  enlargement  or  second  tunnel — ^Long  AlpiM 
Tunnels :  special  conditions ;  position  and  elevation,  internal  heat 
gradients ;  construction,  headings,  special  provisions  for  Simpton 
Tunnel,  lining;  strata  traversed;  rate  of  driving  headings;  cost; 
remarks,  cooling  in  tunnels,  ventilation,  advantages  of  Simplon  route. 

Viaducts  are  resorted  to  where,  in  traversing  deep  valleys,  the  em- 
bankments would  become  too  high  to  be  safely  maintained ;  and  tunnels 
have  to  be  employed  for  piercing  high  ridges,  where  a  somewhat  abrupl 
rise  of  the  ground  causes  the  surface  to  be  so  much  above  the  formatioii 
level  consistent  with  suitable  gradients,  as  to  render  an  open  cutting 
impracticable  or  too  costly. 

Viaducts. 

The  employment  of  viaducts  for  crossing  valleys  or  gorges  depend 
upon  the  height  at  which  the  railway  has  to  be  carried  above  the  bottot 
of  the  valley,  and  the  nature  of  the  materials  available  for  embankment 
If  chalk  or  rock  can  be  readily  obtained  from  adjacent  cuttings,  en 
bankments  may  be  formed  up  to  a  height  of  about  60  feet ;  but  wit 
less  solid  materials,  and  especially  with  clay  or  other  treacherous  soil 
it  would  be  quite  unsafe  to  raise  an  embankment  to  that  height,  for  fej 
of  settlement  and  slips.  A  viaduct  possesses  the  advantage  of  providii 
a  passage  for  the  stream  or  river  invariably  found  flowing  along  tl 
bottom  of  a  valley,  and  also  for  any  roads  passing  along  the  valle 
thereby  dispensing  with  the  construction  of  bridges  for  the  purpose, 
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.'  provision  of  a  culvert  across  the  base  of  a  high  embankment  for  the 
icharge  of  the  stream  draining  the  valley. 

Materials  and  Forms  for  Viaducts. — ^Tunber  has  been  some- 
les  used  for  viaducts,  especially  for  lines  traversing  forests  in  un- 
veloped  countries,  where  wooden  trestles  and  trusses  have  frequently 
en  temporarily  adopted  in  preference  to  embankments,  as  a  more 
peditious  means  of  carrying  the  railway  across  hollows  in  the  first 
tance  ;  and  timber  trusses,  carried  on  masonry  piers,  were  employed 
ginally  for  the  viaducts  on  the  Cornish  extension  of  the  Great 
istem  Railway,  which,  however,  have  now  been  replaced  by  iron 
ders. 

Viaducts  are  generally  constructed  of  a  series  of  brick  or  masonry 
has,  or  of  metal  girders  supported  on  high  iron  or  masonry  piers ; 
1  fine  examples  of  these  two  distinct  types  are  furnished  by  the 
bed,  brick  viaduct,  915  feet  long,  carrying  the  Scarborough  and 
litby  Railway  over  the  Esk  valley  near  Whitby,^  in  thirteen  spans  of 
to  65  feet,  at  a  height  of  1 20  feet  above  the  bed  of  the  river  (Fig. 
(,  p.  190),  and  the  steel  viaduct,  2 180  feet  long,  which  conveys  a  single 
5  of  railway  across  the  Pecos  River  canon  in  Texas  ^  at  an  elevation 
321  above  the  river  at  its  low  stage,  with  a  central  cantilever  span  of 
;  feet,  two  spans  of  85  feet  adjoining  the  central  span,  and  twenty- 
)  spans  of  65  to  35  feet,  including  the  minor  spans  across  the  higher 
and  on  eadi  side  of  the  deep  canon  (Fig.  104).  The  Esk  Viaduct 
ries  its  railway  over  two  railways  running  along  the  valley,  as  well  as 
OSS  the  tidal  River  Esk  in  three  spans  at  the  bottom  of  the  valley  ; 
I  the  Pecos  Viaduct  crosses  the  Pecos  river,  when  at  a  high  stage,  by 
three  main  spans,  the  central  one  being  made  specially  large  to  ensure 
passage  of  drift  during  floods. 

The  number  of  piers,  and  the  materials  and  form  of  a  viaduct  are 
ermined  by  the  depth  of  the  valley  to  be  traversed,  the  river  and 
ds  to  be  crossed,  and  the  conditions  of  economical  construction 
lertaining  to  the  site;  and  the  length  a  viaduct  should  extend  at 
h  end  across  the  upper  part  of  the  valley,  depends  upon  its  superior 
nomy  and  stability  in  comparison  with  an  embankment. 
Remarks  on  ViaduciB. — The  necessity  for  viaducts  is  most 
:uent  when  railways  have  to  be  carried  in  a  direction  at  right  angles 
he  general  course  of  adjacent  valleys,  in  traversing  somewhat  hilly 
ntry,  so  that  ridges  and  depressions  are  successively  encountered, 
iering  an  alternation  of  tunnels  and  viaducts  inevitable.  Viaducts 
also  needed  where  railways,  running  along  the  side  slopes  of  deep 
eys,  have  to  cross  over  from  one  side  of  the  valley  to  the  other 
for  the  sake  of  economy  in  construction. 

The  term  "viaduct "  is  commonly  applied  to  structures  resembling  long 
ges,  chiefly  remarkable  for  the  number  of  their  moderate  spans  and  the 
;ht  of  their  piers,  and  stretching  for  most  of  their  length  across  the 
•es  of  a  valley,  though  serving  also  to  cross  the  river  at  the  bottom  of 
valley,  and  any  roads,  railways,  or  canal  which  may  run  along  the 

*  Proceedings  Inst.  C.E.,  vol.  Ixxxvi.  p.  303,  and  plate  9. 
-  Ibid.f  vol.  cxx.  p.  314,  and  plate  7. 
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valley.  The  Garabit  Viaduct  has  been  thus  denominated,  on  account 
of  its  crossing  the  valley  of  the  Tniybre  with  ten  spans  altogether ;  but 
strictly  it  consists  of  an  arched  bridge  of  large  span,  with  an  approach 
viaduct  on  each  side.  The  new  Tay  Bridge  which  has  replaced  the 
bridge  which  was  overthrown  by  a  gale  at  the  end  of  1879,  ^^  ht^^n 
called  the  Tay  Viaduct,^  probably  to  distinguish  it  from  the  ill-fated 
original  structure ;  but  as  it  crosses  the  wide  Firth  of  Tay,  it  is  practi- 
cally a  riv^r  bridge  throughout,  though  its  great  length  of  10,527  feet, 
and  its  eighty-two  spans  over  the  firth,  thirty-one  of  them  on  the 
Dundee  side  of  only  about  65  feet  span,  afford  some  grounds  for  calling 
itaTiaduct;  whilst  its  thirteen  large  spans  of  227  and  245  feet  over  the 
central  channel,  and  its  twenty-three  spans  on  the  southern  side  of  145 
and  129  feet,  give  it  the  importance  of  a  bridge  of  many  spans  rather 
than  a  viaduct.  It  is,  indeed,  impossible  to  draw  a  very  precise  dis- 
tioction  between  a  viaduct  and  a  bridge  of  several  spans ;  but  it  appears 
advisable  to  denote  a  structure  crossing  a  river  with  one  or  more  large 
ipins,  together  with  smaller  spans,  as  a  bridge,  reserving  the  term 
"viaduct"  for  a  structure  which  for  the  most  part  traverses  a  valley  with 
a  series  of  spans,  none  of  which  are  large. 


Tunnels. 

Tunnels    are  usually   resorted  to  for  traversing  high  ground,   or 
piercing  steep  ridges  or  mountain  ranges,  wherever  the  depth  of  forma- 
tion for  the  canal  or  railway  below  the  surface,  makes  the  cost  of  exca- 
vating a  deep  cutting,  with  its  necessary   slopes,  approximate  to  the 
expense  of  tunnelling.     The  depth  at  which  a  tunnel  should  be  substi- 
tuted for  a  cutting  is  about  60  feet  in  firm  soil ;  but  the  suitable  depth 
varies  with  the  nature  of  the  strata  to  be  traversed,  for  where  rock  is 
reached,  a  deeper  cutting  with  steep  side  slopes  might  prove  more 
economical   than  a  tunnel;  whereas  in  slippery   and   unstable  strata, 
through  which  very  flat  side  slopes  would  be  necessary  for  a  cutting,  and 
dips  might  be  apprehended,  tunnelling  would  prove  expedient  at  a  much 
less  depth.   When  the  estimates  for  a  cutting  and  a  tunnel  are  about  equal, 
and  the  material  from  the  cutting  is  not  required  for  embankments, 
the  tunnel  should  be  preferred ;  for  it  saves  the  cost  of  the  wide  strij;  of 
land  required  for  the  cutting,  less  the  price  of  the  underground  rights 
and  the  small  amount  of  land  needed  for  shafts  and  spoil-banks ;  it  dis- 
penses with  any  bridges  for  roads  passing  across  the  line ;  and  it  avoids 
severance  of  the  property  traversed. 

In  la3ring  out  lines  for  developing  uninhabited  districts,  deep  cuttings 
and  turmels  are  avoided  to  a  remarkable  extent  by  a  circuitous  course 
Mowing  the  main  valleys,  and  the  free  use  of  steep  gradients  and  sharp 
^es,  so  as  to  reduce  the  cost  and  expedite  the  completion  of  the 
'^^way;  and  it  has  thus  been  possible  to  carry  the  Canadian  Pacific 
^Iway  across  Canada,  from  Montreal  to  Vancouver,  with  only  a  very 

*  Proemdmgs  Imt,  C.E.y  vol.  xciv.  p.  99,  and  plate  5. 
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few  short  tunnels.  For  main  lines,  however,  in  populous  districts,  con- 
necting important  centres  of  trade,  where  a  direct  route,  good  gra(Uents, 
and  easy  curves  are  important  to  provide  for  a  large  and  quick  traffic, 
tunnels  arc  often  unavoidable  in  rugged  country,  especially  where  the 
course  of  the  railway  is  at  right  angles  to  the  lines  of  the  valleys. 
Thus  the  railway  from  Bombay  to  Calcutta,  passing  for  a  great  portkn 
of  its  length  along  the  basin  of  the  Ganges,  has  only  one  short  tunnel 
between  the  Western  Ghats  and  Calcutta,  and  the  Great  W^tem  Rail- 
way, running  along  the  Thames  Valley,  has  no  tunnel  between  London 
and  the  Box  Tunnel  near  Bath;  whilst  the  Great  Northern  passes 
through  a  long  succession  of  tunnels  soon  after  leaving  London,  and  the 
Brighton  Railway  is  notable  for  its  long  tunnels  and  viaducts. 

Tunnels  of  great  length  have  of  necessity  been  resorted  to  for  the 
main  lines  traversing  the  steeper  Alpine  ranges;  and  timnels  have 
occasionally  been  used  for  passing  under  rivers,  where  there  have  been 
objections  to  the  erection  of  a  bridge,  and  also  recently  for  the  deep 
underground  lines  improving  the  means  of  communication  in  London. 

Tunnels  may  advantageously  be  divided  into  three  distinct  classes, 
namely,  (i)  Ordinar)*  Tunnels,  the  construction  of  which  is  aided  by 
sinking  shafts  in  the  line  of  the  tunnel;  (2)  Long  Alpine  Tunnels, 
which,  owing  to  their  great  depth  beneath  the  surface,  can  only  be 
bored  from  each  extremity  through  the  hardest  rocks ;  and  (3)  Subaqueous 
Tunnels,  constructed  under  rivers,  estuaries,  and  occasionally  lakes. 


Ordinary  Tunnels  with  Shafts. 

\Mien  the  position  and  course  of  a  tunnel  has  been  determined,  its 
centre  line  is  accurately  set  out  along  the  surface,  as  in  the  case  of  a 
railway  in  open  cutting,  to  enable  the  sites  for  sinking  the  shafts  to  be 
located  with  precision  over  the  centre  of  the  tunnel,  and  to  serve  as  a 
guide  for  the  setting  out  of  the  tunnel  itself  below. 

Influence  of  Nature  of  Strata  traversed. — The  most  accurate 
information  possible  should  be  obtained  of  the  strata  to  be  traversed  by 
a  tunnel,  by  means  of  geological  maps  of  the  district,  and  a  series  of 
borin^^s  along  the  line  of  the  tunnel,  aided,  in  very  important  works,  by 
the  advice  and  investigations  of  an  experienced  geologist ;  whilst  very 
valuable  additional  evidence  is  afforded  by  the  appearance  of  the  actual 
strata  traversed  by  the  shafts.     Upon  the  nature  of  the  strata,  indeed, 
depends  the  form  that  should  be  given  to  the  section  of  the  tunnel,  the 
amount    of    limbering    rec^uired    to  prevent    falls   or  settlement,  tixe 
prospect  of  encountering  water,  which  is  largely  affected  by  the  angle  of 
the    dip,   the    thickness  of   the    lining  that   should   be  adopted,  and 
consequently  the  difficulties  in  execution  and  the  cost  of  construction. 

Shafts  for  Tunnels. — The  number  of  shafts  which  it  is  advisable 
to  sink  on  the  centre  line  of  a  given  length  of  tunnel,  has  to  be 
determined  by  the  depth  of  the  tunnel  below  the  surface,  which  regulates 
tJK*  cost  of  each  shaft,  the  nature  of  the  difficulties  likely  to  be  met 
with  in  execution,  and  the  time  available  for  the  construction  of  the 
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tuoocl.  Each  shaft  adds  to  the  cost  of  the  tunnel  in  proportion  to  its 
dqith;  but  il  grealiy  expedites  the  work  by  adding;  two  faces  from 
■hich  the  tunnel  can  be  driven  ;  it  affords  an  outlet  for  the  excavated 
mattmis,  and  means  of  access  for  building  materials;  it  provides  a 
pumping  shaft  in  case  of  a  large  influx  of  water;  and  it  facilitates  the 
correct  alignment  of  the  tunnel,  by  enabling  the  exact  position  of  the 
notiai  line  to  be  fixed  in  it  below,  by  hanging  heavy  plumb-bobs  down 
it,  on  each  side,  from  the  central  line  on  the  surface.  In  long  tunnels 
«lso,  some  of  the  shafts  are  advantageously  retained,  after  the  com- 
ptaion  of  the  tunnel,  as  ventilating  shafts  to  afford  exits  for  the  smoke 
and  foul  air  resulting  from  the  passage  of  the  trains ;  but  in  such 
cases,  ihey  must  be  buih  up  at  least  8  feet  above  the  surface,  on  the 
fimshing  of  the  works,  to  avoid  accidents. 

The  brick  or  masonry  lining  of  a  shaft  is  gradually  carried  down, 
u  the  excavation  proceeds,  by  underpinning,  namely,  excavating  in 
leciions  under  the  finished  wo^,  and  inserting  props,  excavating  and 
building  up  between  the  props,  and  lastly  completing  the  brickwork  or 
BSKinry  in  place  of  the  props ;  or  the  lining  may  be  built  upon  a  curb 
with  a  pointed  shoe,  and  gradually  lowered  bodily  by  excavating  under 
the  shoe  at  the  bottom,  and  building  up  the  hning  at  the  top  as  it 
deirends,  like  the  ordinary  process  of  welt-sinking.  Care  must  be 
lilen  in  the  first  system  to  make  each  length  of  underpinning  perfectly 
•oJid,  and  bring  it  close  up  to  the  lining  above  it,  so  as  to  afford  a 
perfect  support  and  connection  to  the  upper  work  ;  and  sinking  of  the 
lining  by  the  second  system  must  be  performed  perfectly  evenly,  for  with 
(n  unequal  descent,  the  lining  jams  and  sticks  fast ;  but  the  descent  may 
be  sometimes  facilitated  by  pouring  water  down  between  the  lining  and 
the  excavated  pit  Shafts  are  often  lined  and  strutted  with  timber  in 
Ataerica,  and  also  elsewhere  when  required  merely  during 
bui  when  the  stratum  traversed  is  very  i 
iion  tubbing  is  employed  with  advantage. 
bavc  to  be  permanently  maintained, 
dcavation  proceeds,  and  subsequendy  lined. 

Permanent  shafts  have  usually  been  given  a  circular  form  in 
England,  generally  ranging  in  diameter  from  8  lo  15  feet,  though 
occasiotully  an  elliptical  shaft,  as  at  the  Hoosac  Tunnel,  or  a  stjuare 
dupe  has  been  adopted  ;  whilst  an  oblong,  rectangular  form,  which  can 
todily  be  divided  into  two  or  three  sections  by  cross  pieces,  to  serve 
tspeciivcly  for  hoisting  and  pumping  shafts,  is  preferred  in  America,' 

The  shaft  has  lo  be  stopped  at  the  level  of  the  top  of  the  tunnel  j 
Ud  io  order  to  support  its  lining,  when  the  excavation  for  the  tunnel 
ittfiecied  below  it,  till  it  can  be  permanently  supported  round  the  side 
of  the  opening  formed  in  the  arch  of  the  tunnel  to  maintain  the  connec- 
fion between  the  tunnel  and  the  shaft,  the  lining  has  to  be  propped  up 
b?  beams  (landing  on  the  bottom  of  the  excavation  for  the  tunnel 
Mideincith  the  shaft,  or  occasionally,  when  the  floor  of  the  excavation 


4 
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istable  and  full  of  water, 
Shafts,  moreover,  which 
>  timbered  as   the 


^°*-'»9i.p.r 
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is  yielding,  the  lining  of  the  shaft  has  been  temporarily  suspended  bf 
rods  secured  to  long  stout  timbers  resting  on  the  ground  at  the  top  of  the 
shaft,  3  system  followed  for  the  shafts  of  the  Saltwood  Tunnel  is  sand. 

The  shafts  have  sometimes  been  sunk  outside  the  line  of  tbe 
tunnel,  more  particularly  in  France  and  Belgium,  and  occasionally  in 
America.  Except,  however,  for  shafts  required  to  keep  a  tunnel  dry 
by  pumping  after  construction,  or  for  artificial  ventilation  by  the  help 
of  fans,  the  balance  of  advantages  appears  to  rest  with  the  shafts  in  the 
centre  line  of  the  tunntl ;  for  though  these  expose  the  line  in  the 
tunnel  to  accidents  occurring  in  the  shaft  over  it  during  conrtnidion, 
and  do  not  keep  the  tunnel  and  shaft  distinct,  or  afibrd  the  same  spice 
as  side  shafts,  they  are  far  more  useful  for  setting  out  the  tunnel ;  they 
are  less  costly ;  they  are  more  conveniently  placed  for  facilitating  the 
work :  and  they  avoid  the  dislocation  of  the  strata  at  the  side  of  the 
tunnel  produced  by  the  sinking  of  a  side  shaft,  which  has  occasionally, 
in  treacherous  soils,  led  to  a  slip,  causi^  injury  to. tbe  tunnel  during  its 
construction. 

Ezoavation  and  Timbering  for  Tunnels. — The  excavation  fori 


tunnel  is  commenced  as  soon  as  the  completion  of  the  approach  cntting 
on  tach  side  gives  access  to  the  end  faces,  and  from  each  side  of  tbe 
several  shafts  directly  they  have  .been  sunk  to  the  proper  depth;  ind 
different  methods  have  been  adopted  for  carrying  out  the  excavitioD. 
The  o!il  British  practice  was  to  commence  by  driving  a  bottom  heading, 
which  is  strongly  timbered  ihrouph  soft  soil  as  it  advances,  and  whid 
sert'irs  to  drain  the  superincumbent  mass  ; '  and  the  excavation  of  the 
rest  ijf  the  required  section  for  the  tunnel,  with  its  lining  and  timbering. 
is  then  extended  ujjwards  fmm  the  hcailing  in  short  lengths,  the  fe« 
and  sides  being  supported  with  bars,  ]ioling  hoards,  walings,  propSi 
and  raking  struts,  to  prevent  falls  or  settlement  during  the  building  of  fte 
lining  (Fig.  105).     Sometimes  where  the  strata  are  dry,  hut  are  readily 

'  "rraclicalTunnellinE.-F.  W.  .Simm<,  4ih  rrlition,  1896,  p.  15,  and  plate  vi. 
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dainitgrated  on  exposure  to  the  atmosphere,  as  in  the  case  of  certain  j 
diy  soils,  the  excavation  is  commenced  by  a  lop  heading,  and  the  ' 
mof  of  the  excavated  section  is  supported  at  the  outset  by  bars  and 


«her  timbering;'  and  the  excavation  is  then  extended  downwards 
(Fig.  io6).  Occasionally  these  two  methods  are  combined,  a  bottom 
^cailiRg  being  driven  to  provide  for  the  drainage,  and  a  top  heading 


IMaERINQ.   AND   UNINQ   FOR 


iiting  driven  at  the  same  time  lo  enable  the  roof  to  be  at  once  supported 

ti;  Ian,  1  plan  adopted  in  constructing  the  portions  of  the  Hoosac  Tunnel 

\  "liatiofi  wil  liad  to  be  traversed  "  (Fig.  107).    The  amount  of  timbering 


I 
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reqiiired  and  its  strength  depend  upon  the  nature  of  the  soil,  and  iti  . 
tendency  to  slips,  falls,  and  settlement ;  and  it  is  most  important  to 
secure  the  top  and  sides  of  the  exca^-ated  length  against  any  movemol, 
till  they  can  be  supported  and  protected  by  the  permanent  lining  of 
brickwork  or  masonry,  for  it  is  far  more  difficult  to  arrest  any  motion 
of  the  soil  than  to  keep  it  from  beginning  to  move.  The  system  of 
excavation  described  above,  especially  i»ith  a  bottom  heacUng,  and 
timbered  as  shown  in  Figs.  105  and  X07,  is  commonly  known  as  die  - 
Elnglish  system,  and  throughout  a  long  experience  has  proved  perfectly 
satisfactor)*.  It  possesses  the  merits  of  ensuring  good  drainage  and 
ventilation,  of  affording  ample  facilities  for  the  remowd  of  the  earthwoifc 
and  supply  of  materials,  of  providing  ^  large  space  for  the  bricklajrersand 
masons  to  work  in,  and  of  enabling  the  lining  to  be  built  up  in  complete  . 
lengths  well  bonded  together.  It  is  suitable  for  a  variety  of  soft  strata, 
ranging  from  soft,  loose  rock  to  treacherous  strata,  such  as  quicksand 
and  readily  disintegrated  clays;  but  in  very  imstable  soils,  the 
timbering  has  to  be  considerably  strengthened  and  put  closer  together, 
so  that  the  available  space  is  reduced. 

Belgian  Method  of  Excayating  TuxmelB. — ^The  essential 
feature  of  the  Belgian  system,  which  has  been  largely  used  on  the 
Continent,  especially  for  tunnelling  through  loose  rode,  consists  in 
opening  out  the  exca^-ation  at  the  top  of  the  tunnel  first,  sufficiently  to 
construct  the  arch,  which  rests  on  the  sides  or  on  framing  till  the  lower 
part  of  the  excavation  is  removed ;  and  the  side  walls  are  then  built  in 
sections,  and  by  underpinning,  so  as  eventually  to  take  the  weight  of  the 
arch.  This  was  the  system  adopted  for  the  construction  of  the  lined 
portions  of  the  Mont  Cenis  and  St.  Gothard  timnels ;  though  in  the 
Mont  Cenis  tunnel,  the  advanced  heading  was  bored  in  the  centzal 
bottom  section,  but  was  followed  up  by  the  excavation  of  the  upper 
portion,  and  the  building  of  the  arch,  which  was  supported  by  the 
projecting  side  portions  below  till  the  bottom  excavation  was  completed 
and  the  side  walls  built  up  (Fig.  116,  p.  202).  The  ordinary  course  in 
this  system  was  followed  in  the  construction  of  the  St.  Gothard  Tunnd, 
where  the  advanced  heading  was  driven  at  the  top,  as  well  as  the  fin* 
stages  of  the  enlargement  (Fig.  118,  p.  202).  The  main  advantage 
of  the  Belgian  system  is  that  the  roof  of  the  tunnel  is  protected  at  the 
earliest  possible  period,  which  in  loose  rock  is  the  part  most  likely  to 
fall,  and  from  which  most  water  may  be  expected  with  sharply  dippiiV 
strata.  The  upper  level,  however,  in  the  advanced  portion,  and  d* 
lower  level  behind,  arc  inconvenient  for  drainage,  for  the  removal  of 
the  excavations,  and  for  the  supply  of  building  materials ;  whilst  the 
construction  of  the  arch  has  to  l)e  carried  out  in  a  confined  space ;  and 
the  building  of  the  side  walls  by  underpinning  is  more  costly,  and  less 
favourable  for  producing  thoroughly  sound  work,  than  when  the  side 
walls  ran  be  built  up  first  and  the  arch  erected  upon  them.  The  s>'Stem, 
indeed,  reduces  the  amount  of  timbering  required  through  soft  strait; 
and  the  adojnion  of  a  bottom  heading,  as  at  the  Mont  Cenis  Tunnd, 
facilitates  drainage,  and  the  removal  of  the  excavations  and  supply  of 
materials ;  but  very  little,  if  any,  timbering  is  generally  required  in  drji 
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CENTRAL  CORE,   WITH  TIMBERING. 


\  *nd  ihe  blasting  of  the  bottom  heading  tends  to  loosen  the 
which  the  arch  has  to  rest  till  the  side  walls  are  built. 
!  tunnels  have  been  successfully  carried  out  by  this  system,  and 
is  specially  advantageous  where  Ihe  roof  needs  immediate  protection  ; 
lit  it  IS  not  well  adapted  for  tunnelling  through  strata  not  sufficiently 
m  to  support  Ihe  arch  securely ;  and  the  impedimenta  to  access  and 
xinage  caused  by  the  two  levels,  and  the  underpinning  of  the  side 
ills,  must  increase  the  cost  in  comparison  with  the  more  open  system 
ndesmbed. 

Central  Core  System  for  Conatraotion  of  Tunnela. — Another 
■stem  consists  in  the  retention  of  a  central  core  in  the  lower  part  of 
«  swiion  of  the  tunnel  til!  the  end,  which,  by  bearing  the  props 
ipfMKting  the  roof  and  side  planking  till  the  side  walls  and  lining  of 
ic  roof  can  be  built, 
wsidcrably  reduces  the 
nount  of  timbering  re- 
oirwl'  (Fig.  108).  More- 
*cr,  the  excavations  at 
tefa  nde  of  Che  central 
ore  for  the  side  walls,  and 
I  Hk  lop  for  the  roof, 
wvidr  access  for  three 
urow  roads,  one  on  each 
)de  of  the  core,  and  one 
10  up  of  it,  for  the  re 
awal  of  the  excavation 
lod  npply  of  materials, 
the  available  space,  how- 
'^tx,  01  each  side  is  too 
wrew  for  the  satisfactory 
Kiilding  of  Uie  side  walls 
Uld  supervision  of  the 
'Ofk ;  and  the  central  core 
t  onl;  Kuitablc  for  a  sup- 
»n  to  the  timbering  if  it  consists  of  compact,  hard  materiaL  Accord- 
0{[ly,  although  several  tunnels  were  constructed  in  Germany  about  the 
Uddle  of  the  Dineteenth  century  in  this  manner,  from  whence  it  has 
eeo  termed  the  German  system,  and  also  in  France  with  some  modifi- 
ltion>  during  the  same  period,  it  does  not  compare  favourably  with  the 
wre  tttUftl  systems,  or  appear  to  merit  an  extended  adoption. 

AUBtrian  Method  of  Timbering  for  TimnelB.— The  system 
Down  as  the  Austrian,  differs  mainly  from  the  English  system  in  the 
rength  of  its  timbering,  both  as  regards  the  supports  and  the  props  of 
ic  roof  resembling  rafters,  and  especially  in  the  horizontal  strutting  of 
e  lides  and  the  5ta3ring  where  necessary  of  the  framing  for  the  invert,* 
EBted  by  a  comparison  of  Fig.   109  with  Fig.  105,  p-   i94>  so 
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that  this  system  is  specially  suitable  for  very  soft,  unstable  soil,  «be» 
ei'ery  pottion  of  the  section  is  exposed  to  coDsiderabie  pressnie. 
[Iwttoni  heading  is  Jirst  driven  in  this  system,  followed  by  a  shorter  VSf 
heading;    and  the  side  otIIi 
AUSTRIAN  SYSTEM  OF  xmtBERiNQ  IN        are  constructed  Am,  and  k- 
cured  by  shorter  cross  stnjti 
after  erection. 

American  System  of 
Timbering  Toimela.— Tk 
special  peculiarity  of  iht 
American  system  of  timbenif 
tunnels  is  that  the  rafter  tnut, 
block  arching,  or  stout,  per- 
manent,  arched  framing  aaei 
for  supporting  the  roof  durinj! 
construction,  serves  ofloi, 
especially  in  single-line  luo- 
nels,  for  the  permanent  lining ' 
(Figs,  no,  III,  and  iii),  pr- 
ticularlyon  pioneer  lines,  when; 
limber  is  abundant  and  ulbcr 
building  materials  would  tt 
very  difliadt  to  procure.  Some- 
times,' however,  the  timber 
framing  ot  blocking  is  mejely 
I  bricit  or  masonry  arch,  v  > 
shelter.     Good,  white  ixi. 


n  tunnels  where  it  is  alternately  wet  and  dry,  or  where  the  ventib- 
bn  is  bad,  may  last  three  or  four  years ;  but  uod  er  good  conditions,  it  my 


"  Tunnelling,"  H.  S.  Drinker,  p.  564. 
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iwt  righl  years  or  more.  Timber  arching  answers  well  where  the  main 
Dicuuie  comes  on  the  top  of  the  arch,  and  tlie  sides  are  quite  stable,  as 
n  the  case  of  loose  slate  or  shaly  rock  ;  but  a  stronger  form  of  temporary 
limberii)g  is  needed  in  traversing  treacherous  clays,  wei  sand,  or  other 
onsttble  strala,  as  adopted  in  America  for  the  Hoosac,  Musconetcong, 
tnd  Other  tiimiels.  Tunnelling  in  soft  ground  has,  however,  been 
rare  in  America  compared  with  European  practice,  panly  owing  to 
differences  in  geological  conditions,  partly  to  much  greater  freedom 
in  the  choice  of  location  in  an  unsettled  or  sparsely  popubted  country, 
and  partly  to  the  steeper  gradients  and  much  sharper  curves  readily 
Tsorlcd  lo  in  rugged  districts  in  America. 

Iron  Centres  and  Supports  for  Tunnels. — ^Iron  has  occasion- 
ally btcn  employed  for  the  centering  and  timbering  of  ordinary  tunnels, 
on  aj:couni  of  being  stronger,  more  readily  used  several  times  over,  and 
occupying  lea  space  than  wood ;  but  it  is  much  heavier  to  move,  and 
more  cosily  under  ordinary  conditions.  In  18*4,  Telford  adopted  : 
iron  framing,  composed  of  cast-iron  segments  bolted  together,  for  the  1 


bring  of  the  arch,  and  the  templates  of  the  side  walls  of  the  second  '\ 
Harvcaittlc  Tunnel  for  the  Trent  and  Mersey  Canal,  thereby  dispensing 
*i!h  the  greater  part  of  the  usual  timbering  ;  and  an  extension  of  this 
syvtem,  in  which  the  outer  circumference  of  a  second  outer  ring  corre- 
sponds with  tlie  face  of  the  excavation,  and  is  removable  in  short 
tegmeots,  thereby  dispensing  entirely  with  timber  supports  (Fig.  113), 
was  fint  adopted  in  executing  the  Naens  Tunnel  in  1861,  and  soon 
after  in  the  Ippens  Tunnel,  through  marl  charged  with  water,  and  has 
since  been  employed  on  some  other  tunnels  in  Prussia'. 
'  "Lelirbiichi)«Ge*!unratcnTunnelbaukun'ii,"F.  Rliha,  T'll.ii.  pp.  J341 
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Through  Headings,  and  Side  Drifts. — Formerly  it  was  a 
common  practice  to  drive  a  heading  through  the  whole  length  of  the 
tunnel  at  the  outset,  which  not  merely  served  to  drain  the  strata  to  be 
traversed  hy  the  tunnel,  hut  also  gave  a  perfect  indication  of  the  nature 
and  condition  of  the  strata,  and  fixed  its  exact  direction.  As,  however 
this  preliminary  operation,  in  the  case  of  a  long  timnel,  would  entii 
inconvenient  delay  in  the  completion  of  the  timnel,  the  natmre  of  tb 
strata  is  ascertained  as  closely  as  practicable  by  borings  and  geologia 
investigations,  and  the  heading  is  only  pushed  forward  a  short  distanc 
in  advance  of  the  completed  work ;  but  the  thickness  of  the  lining  ( 
the  tunnel  can  be  modified  in  accordance  with  the  indications  fumisbe 
by  the  advanced  heading  and  the  excavations  for  enlargement.  In  on 
of  the  schemes  for  a  tunnel  under  the  English  Channel,  it  was  propose 
to  drive  a  heading  right  across  before  enlarging,  so  as  to  make  certai 
of  the  absence  of  large  fissures  in  the  chalk,  before  proceeding  wit 
the  much  larger  expenditure  of  constructing  the  timnel  to  its  full  size  a 
the  heading  advanced. 

Occasionally,  when  the  line  of  a  tunnel  approaches  in  places  the  sid 
of  a  steep  hill,  side  drifts  are  driven  through  the  side  of  the  hill  to  th 
tunnel,  in  place  of  shafts,  to  obtain  additional  faces  from  which  tb 
headings  for  the  timnel  can  be  driven,  and  to  serve  like  shafts  fo 
the  removal  of  the  excavations  and  the  supply  of  materials. 

Specially  Difficult  Conditions  for  Tunnelling.  —  Thou^ 
strata  subject  to  disintegration  or  swelling  on  exposure  to  the  atmo 
sphere,  and  the  influx  of  large  quantities  of  water  charged  witl 
sediment,  tending  to  produce  settlement,  greatly  enhance  the  difficulde 
of  tunnelling,  the  most  serious  obstacles  to  the  construction  of  tunnel 
are  encountered  in  traversing  drift,  moraines,  or  loose  debris,  sucb  a 
the  rubbish  tips  from  the  slate  quarries  through  which  the  Bettws-y-coec 
Festiniog  Railway  had  to  be  carried,  and  also  spurs  of  mountain  slope 
composed  of  strata  subject  to  slides,  through  one  of  which,  composed  ( 
blue  clay,  gravel,  and  boulder  drift,  with  intervening  veins  of  sand,  th 
Canadian  Pacific  Railway  originally  passed  in  a  timber-lined  tunne 
towards  the  bottom  of  the  Kicking  Horse  Valley  on  the  western  sloj 
of  the  Rocky  Mountain  range.  In  piercing  loose  debris,  the  who 
suj^Hfrincumbent  mass  tends  to  move  directly  it  is  disturbed  by  tl 
excavation  below,  and  no  solid  support  can  be  obtained ;  whilst  wh 
a  slide  occurs  on  the  side  of  a  mountain  slope,  the  tunnel  is  not  men 
subjected  to  a  severe  sideways  pressure,  but  is  liable  to  be  displac 
bodily  by  the  sliding  downwards  of  the  disturbed  strata  in  which  it 
located,  so  that  the  above-mentioned  tunnel  on  the  Canadian  Pad 
Railway  had  to  be  abandoned ;  and  the  railway  now  runs  round  the  fi 
of  the  projecting  spur  on  a  curve  having  a  radius  of  only  26?  fe 
being  much  the  sharpest  curve  on  the  whole  line. 

Sections  of  Tunnels. — The  form  of  the  cross  section  of  a  turn 
and  the  extent  and  thickness  of  the  lining,  are  regulated  by  the  nati 
condition,  and  dip  of  the  strata  traversed.     Sometimes  when  tunr 
traverse  hard,  firm  rock,  it  is  possible  to  dispense  with  any  lining  ; 
where  the  rock  is  laminated  and  has  a  great  dip,  promoting  the  ir^us 
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vater,  or  is  loose  or  soft,  a  lining  of  moderate  thickness  is  necessary  for 
protecting  the  line  and  the  trains,  and  is  also  expedient  when  the  rock  is 
liible  to  suffer  from  exposure  to  the  air.  In  long  tunnels,  accordingly, 
through  rock,  the  lining  is  varied  with  variations  in  the  condition  of  the 
X)ck,  so  that,  as  in  the  case  of  the  long  Alpine  tunnels,  some  portions  are 
eft  unlined,  and  others  are  arched  over,  the  arch  resting  on  a  bench  cut 
n  the  firm  rock  at  the  sides ;  whilst  where  the  rock  is  less  solid,  side  walls 
f  masonry  are  added,  increased  in  thickness  in  the  worst  places  (Figs. 
15,  117,  and  119,  p.  202).  Where  a  considerable  sideways  pressure 
uy  be  anticipated,  as  in  soft  soils,  and  especially  through  clays  subject 
>  swelling,  in  running  sand,  and  with  other  treadierous  strata,  an  invert 
as  to  be  added  at  the  bottom  to  prevent  the  side  walls  from  sliding 
)rwards  at  the  toe,  and  to  resist  any  upward  pressure  in  very  wet  ground 
Figs.  105,  106,  107,  and  114,  pp.  194,  195,  and  202). 

The  form  of  the  cross  section  of  the  tunnel  is  varied  according  to 
ircumstances ;  for  where  the  greatest  pressure  is  liable  to  occur  on  the 
tx)f,  and  the  invert  serves  mainly  to  support  the  side  walls,  as  generally  is 
he  case  through  dry,  soft  soil,  the  roof  and  side  walls  are  given  a  some- 
what pointed  elliptical  form,  and  the  invert  is  made  fairly  flat,  as  indi- 
cted by  the  section  of  the  Bletchingley  and  Ampthill  tunnels  (Figs.  105 
ind  io6,  pp.  194  and  195).  When,  however,  the  soil  is  very  treacherous, 
w  very  heavily  charged  with  water,  and  the  tunnel  is  at  a  sufficient  depth 
^>elow  the  surface  not  to  be  chiefly  exposed  to  a  settlement  of  the  ground 
*bove  it,  the  pressure  becomes  more  fully  distributed ;  and  a  circular, 
w  nearly  circular,  section  of  uniform  thickness,  the  proper  form  for  a 
pniforaily  distributed  pressure  on  every  side,  similar  to  a  fluid  pressure, 
•s  adopted  with  advantage.  Thus  in  the  Sydenham  Tunnel  through 
^  London  clay,  where  an  ellipse  with  its  major  axis  vertical  was 
originally  chosen  for  the  arch  and  sides  of  the  tunnel,  suited  to  sustain 
wi  assumed  maximum  vertical  pressure,  with  a  flatter,  thinner  invert 
'Kg.  114,  left-hand  half-section),  the  sides,  and  the  invert  especially, 
*ere  forced  inwards  considerably  more  than  the  arch  by  the  swelling 
^^  the  clay  at  several  places,  which  was  not  effectually  remedied  by 
\  thickening  of  the  lining ;  and  eventually  a  circular  section,  with  a 
ining  3  feet  thick,  was  resorted  to  with  satisfactory  results  (Fig.  114, 
ight-hand  half-section).^ 

A  segmental  or  semicircular  arch,  with  straight  side  walls  where 
ecessary,  provides  the  cheapest  form  through  rock  where  the  lining 
only  needed  as  a  protection ;  a  high  elliptical  section,  with  a  some- 
hat  flat  invert,  is  required  where  the  main  pressure  through  soft  soil 
►nsists  of  vertical   settlement   on    the  arch,  and  is  advantageous  for 
ntilation ;  and  a  circular  section  is  advisable  in  very  unstable,  or  very 
;t,  soft  strata. 
ConBtruction  of  Lining  of  Tunnels. — Where  the  whole  section 
a  tunnel  is  excavated  for  a  short  length,  according  to  the  English 
item,  through  soft  soil  (Figs.  105,  106,  and  107,  pp.  194  and  195),  the 
^ert  and  side  walls  are  built  first,  and  finally  the  arch  is  turned,  the  bars 

'  Proceedings  Inst.  CE,^  vol.  xlix.  p.  250,  and  plate  6,  figs.  2,  3,  and  7. 
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supporting  the  roof  being  generally  drawn  out  as  the  work  proceeds, 
so  as  to  be  used  again  for  another  length,  though  occasionally,  as  in  the 
Hoosac  Tunnel,  and  where  there  is  difficulty  in  drawing  them,  they 
are  built  in.  Allowance  is  made  in  excavating  soft  soil  for  a  certain 
amount  of  settlement,  to  ensure  providing  room  for  the  arch ;  the  arch 
bas  to  be  most  carefiiUy  and  solidly  built  in  the  confined  space 
between  the  roof  and  the  centres ;  and  the  space  between  the  arch 
and  the  roof  must  be  solidly  packed  with  earth  or  rubble,  to  prevent 
settlement  on  the  removal  of  the  timbering.  Where  exposed  to 
pressure,  the  masonry  on  the  inner  face  must  be  specially  strong  and 
closely  set  in  cement ;  and  with  brickwork,  the  two  inner  rings  should 
be  formed  of  blue  bricks  set  in  cement,  bonded  into  the  outer  rings 
at  intervals.  The  lining  should  follow  as  quickly  on  the  excavation 
as  possible,  to  guard  against  settlements,  falls,  and  injury  from  exposure 
to  the  atmosphere ;  and  the  lining  should  be  carried  forward  in  short 
lengths  where  the  ground  is  unstable. 
f  With  the  Belgian  system,  the  arch  is  built  first,  and  the  side  walls 

subsequently  by  underpinning  (Figs.  116  and  xi8);  and  in  the  French 
adaptation  of  the  central  core  system,  the  same  course  has  been  pursued. 
This  arrangement,  however,  is  only  suitable  through  rock,  and  where  it 
is  important  to  protect  the  roof  at  the  earliest  possible  time. 

Where  iron  framing  is  employed  instead  of  timbering,  the  invert,  if 
Quired,  must  be  laid  in  advance,  so  that  the  frames  may  be  erected 
^  it ;  and  the  side  walls  are  next  built ;  and,  lastly,  the  arch  is  turned 
'%  "3»  P«  1 99)-  In  the  Austrian  system  of  heavy  timbering,  how- 
ever, and  in  the  German  central  core  system,  the  side  walls  are  first 
built,  then  the  arch,  and  lastly  the  invert  if  required  (Figs.  108  and  109, 
PP-  X97  and  198).  The  heavy  timbering  of  the  Austrian  system,  for  very 
^  ground,  is  kept  in  place  till  the  invert  is  completed  ;  but  where  the 
^tral  core  system  is  used,  an  invert  should  not  be  required,  and  if 
'l^und  necessary,  should  be  built  with  great  caution  in  very  short  lengths, 
^be  side  walls  at  the  same  time  being  secured  against  coming  forward  on 
^  removal  of  the  core. 

^^  Drainage  in  Tunnels. — In  determining  the  gradients  of  a  tunnel, 
"^ides  being  governed  by  the  difference  in  level  of  the  approach  lines 
^  the  two  extremities,  it  is  necessary  to  provide  for  the  permanent 
^inage  of  the  tunnel,  as  water  generally  finds  its  way  into  a  tunnel 
'hi-ough  the  drainage  holes  usually  left  at  intervals  in  the  side  walls  to 
J^^ent  water  accummulating  at  the  back,  or  from  percolation  through 
^  lining  in  places,  or  from  drip  in  the  unlined  parts.  Tunnels  are, 
^herefore,  laid  out  with  a  gradient  adequate  for  drainage,  either  starting 
^m  each  end  and  rising  towards  the  centre,  or  having  a  continuous 
^  or  fall  from  one  end  to  the  other.  The  first  system  is  essential  for 
^  drainage  of  turmels  driven  solely  from  each  end,  during  construction, 
^  well  as  after  completion;  whilst  the  second  method  overcomes 
^erences  of  level  at  the  two  ends  with  the  flattest  practicable  gradients, 
"m  necessitates  pumping  from  intermediate  shafts  during  construction, 
^s  the  only  natural  drainage  is  obtained  for  the  heading  driven  from  the 
Wer  end.     When  any  large  influx  of  water  occurs  during  construction 
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in  driving  the  advanced  heading,  or  from  along  the  outside  of 
finished  lining  into  the  excavations,  it  is  very  important  to  prevent 
or  silt  flowing  in  with  the  water,  by  packing  the  vent  with  straw  or  < 
loose  material,  as  an  influx  of  solid  matter  produces  hollows  in  the  gr* 
very  liable  to  occasion  serious  settlements. 

When  the  regular  flow  of  water  into  the  tunnel  is  small,  a  ch2 
along  each  side  wall  suffices  to  carry  it  off";  but  generally  a  culv< 
formed  below  the  formation  level,  in  the  centre  or  on  one  side 
tunnel  (Figs.  115,  117,  and  119,  p.  202),  or  on  the  lowest  part  o 
invert  (Figs.  106  and  107,  p.  195),  for  the  discharge  of  the  water 
the  tunnel. 

Cost  of  Tunnels. — ^The  cost  of  constructing  tunnels,  whi 

always  given  in  England  per  lineal  yard,  naturally  varies  very  : 

according  to  the  nature  of  the  strata  traversed,  the  amount  of 

encountered,  the  timbering  required,  the  extent  and  thickness  0 

lining,  and  the  cross  section  of  the  tunnel,  together  with  its  ge 

depth  below  the  surface,  aflecting  the  construction  of  the  shafts.    Tu 

have  naturally  been  made  most  cheaply  through  firm,  compact,  h 

geneous,  moderately  soft  rock  requiring  little  or  no  timbering, 

sometimes  no  lining,  and  fairly  free  from  fissures  discharging  1 

such  as  chalk  and  some  kinds  of  sandstones  and  limestones.     In 

to  make  the  cost  given  of  tunnels  more  comparable,  only  tunnels 

double  line  of  way  will  be  cited,  as  smaller  timnels  for  single  lines 

especially  for  water  conduits  or  sewers,  would  give  the  delusive  ap 

ance  of  greater  economy  in  construction,  really  attributable  to 

smaller  dimensions.     The  old  tunnels  of  Guilford,  Salisbury,  and  F 

field  through  chalk,  and  Lydgate  through  the  coal-measures,  cost 

per  lineal  yard;^  whilst  the  Clifton  Tunnel,  constructed  in  18; 

through  mountain  limestone,  only  cost  ^21  4?.  per  lineal  yard.   He 

Tunnel,  through  red  marl  and  greensand,  cost  ^50 ;  the  Bletchi 

and  Buckhom  Weston  Tunnels,  through  clay,  and  the  Cowbum  Ti 

through  dry  shale  and  rock,  cost  ^72  ;  the  Blaenau-Festiniog  Tu 

through  bastard  slate  and  greenstone,  and  for  about  five  chains 

south  end  through  slate  debris^  and  the  Totley  Tunnel,^  construe 

1888-93,  through  the  lower  coal-measures  and  millstone  grit,  n 

black  shale,  slightly  over  3^^  miles  in  length,  being  the  longest  on 

tunnel  in  England,  cost  ;^75 ;  the  Box  Tunnel,  through  oolite 

accommodating  a  double  line  of  7-feet  gauge,  cost  ;^ioo;  an 

Saltwood  Tunnel,  through  the  lower  greensand,  cost  £11^  per 

yard.    Unforeseen  difficulties  are  liable  to  increase  greatly  the  cos 

as  the  influx  of  quicksand,  undiscovered  by  the  borings,  in  the  ] 

Tunnel,  raising  its  cost  from  £^0  to  ;£'i25  per  lineal  yard,  ar 

unexpected  amount  of  swelling  of  the  clay  in  the  Sydenham  T 

which  increased  its  cost  from  ;;^8o  to  nearly  ^120,  where  in 

ground  the  cost  was  only  £^^^  per  lineal  yard. 

*  Proceedings  Inst.  CE.y  vol.  xxii.  p.  381. 

*  Ibid,^  vol.  Ixxiii.  p.  164,  and  plate  ID,  fig.  I. 
'  Ibid.^  vol.  cxvi.  p.  168,  and  plate  4,  fig.  I. 
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I       The  expenses  of  some  of  the  most  important  and  difficult  tunnels  in 
the  United  Stales  are  as  follows :  the  Van  Nest  Gap  Tunnel  on  the 
Wat7en  Railway,  through  gneiss,  ^£75  ;  the  Baltimore  Tunnel  on  the 
Biliiznore  and  Potomac  Railway  through  rock,  clay,  and  earth,  jQ^^ki  1 
the  ('hurch  Hill  Tunnel  on  the  Chesapeake  and  Ohio  Railway,  through* 
^)\  j^i "  ;    and  the  Bergen  Tunnel  on  the  Erie  Railway,  througt* 
di^onute,    ^^114.     The    Hoosac   Tunnel,    the    longest   tunnel    in   the  j 
United  Slates  with  a  length  of  4^  miles,  whose  intenuittent  construction 
extended  from    1854.  to  1876,  though  traversing  such  hard  strata  as 
mica-schist  and  granitic  gneiss,  passed  through  so  much  decomposed 
rxk  and  (luiclcsand  that  its  cost,  enhanced  by  stoppages  and  other 
citcumstaoces,  amounted  eventually  to  ^^148  per  lineal  yard.' 

!n  France,  the  Chinon  Tunnel,  through  grey  chalk  and  marl,  cos 
;£jSy;  the  Latrape  Tunnel,  through  calcareous  rock  and  wet,  soft  ground; 
(Oil  ;tS95  :  and  the  Marseilles  Tunnel  from  Old  Port  to  Prado  Station, J 
Ititough  Umestone  with  sand  and  thick  beds  of  blue  and  red  clay,  andV 
I«ge  ijuantities  of  water,  cost  £t^  per  lineal  yard.  I 

In  Germany,  the  Singeister  Tunnel,  through  loam,  marl,  and  lime--^ 
itone,  cost  ^483 ;  the  Gotthardsberg  Tunnel,  through  fissured  dolomite, 
C(nij^6i-J,  and  the  Somtnerau  Tunnel  in  the  Black  Forest,  through 
inuiite,  cost  ^70^. 

Several  tunnels  constructed  on  two  lines  in  Prussia  and  Austria  in 
[£71-76,  by  aid  of  machine  drills,  and  iron  framing  in  some  cases, 
throoghjild  red  sandstone  much  disturbed  and  intersected  by  beds  of 
fUy,  ranging  in  length  from  63  yards  to  399  yards,  cost  from  ^43  to 
Cll)l  \ier  lineal  yard  ;  whilst  the  Naensand  Ippens  tunnels,  the  firsi  con- 
iimctcd  by  the  help  of  iron  frames  (Fig.  1 13,  p.  199),  traversing  Keupet 
miili  and  lias  marls  respectively,  charged  with  water,  cost  ,^89  and  ^^7 1 
;cr  lineal  yard. 

Occasionally  the  strata  pierced  are  so  unstable  that  great  difficulty  is 
Mpetienced  in  carrying  forward  and  permanently  securing  the  lining  in 
pbuM,  greatly  increasing  the  cost,  of  which  notable  instances  are 
lumishcd  by  the  Cuemitz  Tunnel  in  Germany,  passing  through  blue 
erpium,  lr>am,  and  fine  veins  of  sand,  which  at  first  forced  in  the  masonry 
in  places,'  so  that  its  cost  reached  ^184  per  lineal  yard;  and  theCristina 
Tunnel  in  the  Apennines,  traversing  shaly  clay  ahernaiing  with  beds  of 
limestone,  and  also  wet,  laminated  clay  very  subject  to  slips,  whose  lining 
ifia  being  dislocated  in  places  in  the  latter  strata,  had  to  be  made  so 
^vk,  that  this  tunnel,  though  only  serving  for  a  single  line,  cost  ^145 
pa  lineal  yard. 

Remarks  on  Tnn&els. — Drifts  or  galleries  have  been  extensively 
•Jnien  lot  mining  operations  ;  but  the  earlier  tunnels  of  importance  of 
"wlem  times  were  constructed  for  navigation  canals.'  Since  the  intro- 
duction of  railways,  however,  tunnels  have  been  greatly  extended  in 
numlictand  in  length  for  the  passage  of  trains.    Tunnels  have  also  been  J 
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constructed  for  the  conveyance  of  water  through  high  ground  for  irriga- 
tion, for  drainage,  and  for  water-supply;  whilst  tunnelling  is  oto 
required  in  the  construction  of  intercepting  or  outfall  sewers.  The 
sections  of  such  tunnels  vary  considerably  according  to  the  discharging 
capacity  required  and  the  available  fall ;  but  the  principles  and  difficulties 
of  their  construction  are  the  same  as  for  railway  tunnels,  in  which  the 
greatest  experience  has  been  gained. 

In  widening  a  single  line  of  railway  to  provide  for  an  increasing  traffic, 
the  choice  lies,  with  regard  to  the  tunnels,  between  enlarging  the  existing 
tunnel,  or  constructing  a  second  parallel  tunnel.  WTien  the  tunnd 
passes  through  firm  rode,  and  especially  when  it  is  not  lined,  the  enlaige- 
ment  of  the  existing  tunnel  is  preferable  on  the  score  of  economy ;  but 
through  loose  rock  or  soft  ground,  the  re-construction  of  the  heavy  lining 
necessitated  by  an  enlargement,  and  the  difficulty  of  keeping  the  existing 
line  free  for  traffic  during  the  progress  of  the  works,  generally  renders 
the  construction  of  a  ptarallel  tunnel  the  most  expedient  course,  especiallf 
as  the  work  can  be  expedited  by  side  drifts  from  the  existing  tunnel. 
It  is  necessary,  however,  to  drive  the  second  tunnel  at  a  sufficient 
distance  from  the  first,  to  secure  the  latter  from  any  disturbance  during 
the  excavation  for  the  second  tunnel.  Often  when  a  railway,  constnicted 
for  a  single  line,  offers  good  prospects  of  securing  a  traffic  necessitating 
its  widening  in  a  few  years,  it  is  advisable  to  construct  the  tunnels  for 
a  double  line  at  the  outset. 


Long  Alpine  Tunnels. 

Tlie  special  conditions  which  distinguish  the  long  tunnels  piercing 
the  main  dividing  ridges  of  the  Alpine  chain  from  other  tunnels  carried 
through  hard  primitive  rocks,  are,  their  great  length,  coupled  with  the  im- 
possibility of  expediting  the  work  by  means  of  shafts,  owing  to  their  great 
depth  below  the  surface,  so  that  they  can  only  be  driven  from  each  ex- 
tremity :  the  difficulty  of  ventilating  such  long  headings  during  constnic- 
tion  ;  and  the  comparatively  high  temperature  of  the  rock  at  the  consider- 
able depths  below  the  surface  traversed  by  the  central  portions  of  these 
tunnels.  The  necessity  of  driving  these  long  tunnels  from  only  two 
faces,  greatly  enhanced  the  importance  of  rapidly  drilling  the  holes  in 
the  faces  for  blasting  the  rocks,  and  led  to  the  invention  of  percussion 
and  rotary  rock-drills  worked  by  compressed  air,  which  greatly  expedited 
the  progress  of  the  headings,  the  air-compressors  being  worked  by  turbines 
actuated  by  the  fall  of  water  from  mountain  streams  in  the  neighbour- 
hood of  each  end  of  the  tunnel. 

Though  it  proved  ix)ssible  to  carry-  a  railway  across  the  Brenner 
Pass,  the  lowest  pass  crossing  the  main  Alpine  range,  without  a  summit 
tunnel  there  is  no  other  pass  across  the  principal  chain  which  could  be  thus 
surmounted  in  the  open,  by  the  aid  of  gradients  and  curves  suitable  for 
the  speed  and  weight  of  the  trains  of  a  mam  contmental  Ime.  In  ascendmg 
the  most  favourable  valley  on  each  side  of  the  mountam  range,  a  point  is 
reached  where  the  general  slope  becomes  too  steep  to  be  surmounted 
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vith  the  limiting  gradients  and  curves;  and  it  becomes  necessary  to 
pierce  the  dividing  ridge  in  tunnel.  The  higher  up  the  approach  railway 
an  be  carried,  the  shorter  will  be  the  length  of  the  tunnel ;  but,  on  the 
)tber  hand,  if  the  tunnel  is  commenced  lower  down  the  valley,  the  ruling 
pndieht  can  generally  be  made  less  steep  and  the  curves  less  sharp, 
eodeiing  higher  speeds  practicable  for  the  trains.  The  elevation,  how- 
!ver,  at  whidi  the  timnel  is  commenced,  is  governed  to  a  great  extent  by 
alandng  two  opposing  considerations.  If  the  open  railway  is  carried 
^  up  the  mountain  slope  on  the  northern  side  of  the  Alps,  in  the 
mghbourhood  of  the  highest  peaks  where  the  cold  is  greatest,  it  is 
iable  to  be  blocked  by  snow  in  hard  winters ;  whilst  if  the  timnel  is 
smmenced  at  a  comparatively  low  level,  it  is  longer,  and  has  to  be 
SOTied  through  rocks  having  a  considerable  internal  heat  owing  to  their 
kpth  below  the  surface. 

Position  and  Heat  of  Long  Alpine  Tunnels. — Three  long 
tunnels  have  been  constructed  through  the  Alps,  namely,  the  Mont  Cenis 
Tunnel,  8  miles  long  (1857-71),  and  the  St.  Gothard  Tunnel,  9^  miles 
long  (1872-82),  across  the  principal  range,  and  the  Arlberg  Tunnel,  6^ 
nriles  long  (1880-84),  across  an  outlying  spur  in  Austria ;  ^  whilst  a  fourth 
tunnel,  the  Simplon  Tunnel,  12^  miles  long,  commenced  in  1898,  is 
being  constructed  through  the  main  chain  near  the  Simplon  Pass.  The 
northern  end  of  the  Mont  Cenis  Tunnel  is  3793  feet  above  sea-level, 
and  of  the  St.  Gothard  Tunnel  3638  feet,  the  western  end  of  the  Arlbei^ 
Tunnel  3992  feet,  and  the  northern  end  of  the  Simplon  Tunnel  only 
2254  feet  above  sea-level :  whilst  the  other  ends  of  the  tunnels  are  477 
fet,  118  feet,  and  278  feet  higher,  and  175  feet  lower,  respectively. 
The  maximum  height  of  the  surface  of  the  ground  above  rail-level  in 
the  tunnel  is  5076  feet  at  the  Mont  Cenis,  5733  feet  at  the  St.  Gothard, 
2362  feet  at  the  Arlberg,  and  7004  feet  at  the  Simplon ;  and  the 
^ximum  heat  of  the  rock  in  the  central  part  of  the  headings  during 
constniction  was  85°*  1  in  the  Mont  Cenis  Tunnel,  87°-4  in  the  St. 
Gothard,  and  62°* 2  in  the  Arlberg,  and  is  estimated  at  104°  for  the 
central  part  of  the  headings  of  the  Simplon  Tunnel.^ 

Gradients  in  Long  Alpine  Tunnels. — The  tunnels  have  in 
every  case  been  constructed  with  gradients  ascending  towards  the 
<^tre,  simply  to  secure  drainage  towards  the  outlet  during  construction 
on  the  higher  side,  and  in  order  to  overcome  the  difference  in  level 
between  the  two  ends  on  the  lower  side,  together  with  the  increase  in 
elevation  due  to  the  rising  gradient  from  the  other  end.  Accordingly, 
^fcwnage  gradients  have  been  given,  falling  from  the  central  summit  to 
the  higher  end,  of  i  in  2000  to  i  in  1000  in  the  Mont  Cenis  Tunnel, 
1  in  2000  to  I  in  500  in  the  St.  Gothard,  i  in  520  in  the  Arlberg,  and 
I  in  500  in  the  Simplon  Tunnel;  whilst  the  rising  gradients  from  the 
Jower  end  are  i  in  43*5,  i  in  172,  i  in  72,  and  i  in  143  respectively. 

;  Proce^difigs  Inst.  C.E..  vol.  xcv.  pp.  257,  265,  ami  269,  ^"d,);!^;,trtVnear'sea. 

'  The  increase  of  temperature  in  sinking  wells  or  shafts  into  ^"'^,    v^  f^jgj  below 
k^iel,  has  been  found  to  amount  to  about  i  degree  Fahrenheit  for  each    ^^^.^^^     ^^  ^, 
iic  surface ;  but  fortunately  the  rate  of  increase  is  less  on  the  ''^^'^Jjj^g  influenced 
'legation  of  the  surface,  and  the  exposure  of  the  mountain  slopes  to  coo     g 
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Consimotion  of  Long  Alpine  Tnnnels. — ^The  Mont  Cems, 
St.  Gothard,  and  Arlberg  tunnels  were  driven  in  a  perfectly  stiadght 
line  from  each  end,  so  as  to  reduce  the  possibility  of  a  divergence  from 
the  exact  junction  of  the  two  long  headings  to  a  minimum ;  and  thoo^ 
it  was  originally  proposed  to  make  the  two  headbgs  of  the  SimploQ 
Tunnel  meet  at  an  angle,  in  order  to  avoid  passing  under  the  higbest 
ground  of  the  direct  route,  the  tunnel  is  now  being  driven  in  a  straight 
line,  like  its  predecessors,  its  position  having  been  modified  suf- 
ficiently to  prevent  a  straight  route  reaching  an  extreme  depth  beloi 
the  surface,  with  its  increased  internal  heat.  To  secure  accuracy  io 
direction  for  these  exceptionally  long  lines,  the  country  over  the  route 
of  the  tunnel  is  carefully  surveyed,  the  centre  line  is  set  out  along  the 
surface,  and  the  exact  length  of  the  tunnel  is  ascertained;  and  the 
precise  direction  for  each  heading  is  given  by  a  powerful  theodolite 
from  an  observatory  built  on  the  prolonged  line  of  the  tunnel,  at  a 
convenient  distance  from  each  extremity,  and  in  a  position  commandiog 
the  entrance,  so  that  the  surface  line  may  be  sighted  with  precision,  and 
its  direction  indicated,  checked,  and  prolonged  in  the  heading  as  the 
driving  progresses.  In  joining  the  headings  in  the  Mont  Cenis  Tunnel, 
the  direction  proved  quite  correct,  but  there  was  an  excess  of  i  foot  io 
height  on  the  French  side,  owing  probably  to  the  tunnel  being  45  feet 
longer  than  calculated ;  and  in  the  St.  Gothard  Tunnel,  where  eadi 
heading  approximated  to  4^  miles  in  length,  there  was  an  error  of  onlf 
13  inches  in  direction  and  2  inches  in  level,  the  length  of  the  tunnd 
proving  to  be  25  feet  shorter  than  calculated. 

The  advanced  heading  was  driven  along  the  bottom  in  the  Mont  Cenis 
Tunnel,  and  along  the  top  in  the  St.  Gothard  Tutmel,  the  successive 
enlargements  being  indicated  by  lighter  shadings  on  the  cross  sections 
of  the  excavation  (Figs.  116  and  118,  p.  202);  whilst  the  arch  was 
built  first  in  each  case.     In  the  Arlberg  Tunnel,  the  advanced  heading 
was  driven  at  the  bottom,  8^  feet  high  and  9  feet  wide ;  and  break-ups, 
or  upward  shafts,  were  driven  in  the  roof  of  the  heading,  79  feet  apart 
on  the  eastern  side  where  the  rock  was  hard,  and  216  feet  apart  on  the 
western  side  through  softer  rock,  from  the  upper  part  of  which,  top 
headings  were  driven  in  each  direction,  ^\  feet  high  and  6^  feet  wide, 
till  they  met  the  headings  from  the  adjoining  shafts,  whereby  the 
progress  of  the  enlargement  was  much  expedited,  the  excavated  rock 
being  tipped  down  the  shafts  into  waggons  in  the  heading  below.    Two 
advanced  bottom  headings  are  being  simultaneously  driven  for  the 
Simplon  pair  of  parallel,  single-line  tunnels,  56  feet  apart  centre  to 
centre  connected  at  intervals  of  656  feet  by  cross  galleries;  and  the 
enlargement  of  the  section  of  the  first  tunnel  is  effected  by  upward 
shafts  and  top  headings,  as  in  the  Ariberg  Tunnel,  the  heading  of  the 
second  tunnel  being  only  lined  where  necessary,  and  the  completion  oi 
this  tunnel  deferred  till  the  traffic  becomes  too  great  for  a  single  line  ^ 
(Fig.  1 20).    The  adoption  of  a  bottom  headmg  m  long  tunnels  through 

»  BuiidiH  de  la  SocM  Vaudoise  dts  Inghiieurs  d  des  Arckit^Us,''  Laosaone 
1895,  pp.  199  to  210,  and  plates  34,  35.  »nd  36. 
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las  die  Advantage  that  by  means  of  break-ups  from  the  roof  of  the 
Kd  heading,  the  enlargement  and  completion  of  the  lining  can  be 

to  rollow  much  closer  on  the  main  heading,  than  with  a  top 
ig  as  em[doyed  for  the  St.  Gothard  Tunnel.  The  object  of  the 
I  heading  is  to  provide  for  the  ventilation  and  cooling  of  the  first 
during  construction,  by  driving  1760  cubic  feet  of  fresh  air 
b  it  per  second  by  means  of  fans  worked  by  turbines,  and  for 
Imission  of  a  supply  of  cold  water,  which  is  used  in  the  form 

spray  for  coolii^  the  current  of  air,  and  also  for  reducing  the 
nture  of  the  rode  headings  and  upper  galleries,  in  addition  to 
oling  effected  by  the  current  of  air.    The  second  heading  also 
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as  the  route  for  the  entering  trains  of  waggons,  which  pass  out 
the  first  tunnel  when  loaded  with  the  excavations,  running  on 
>f  a  feet  7^  inches  gauge.  Water  under  pressure  is  used  at  the 
nt  of  the  explosion,  for  throwing  the  shattered  rock  to  a  distance 
Jie  face,  and  thereby  permitting  the  immediate  resumption  of  the 
g;  and  at  the  same  time  it  serves  for  cooling  the  face  of  the  head- 
id  the  dibris.  These  expedients  have  been  adopted  in  view  of 
eat  central  temperature  anticipated,  the  unprecedented  length  of 
ladings,  and  in  order  to  expedite  the  work ;  for  the  less  high 
Tature  in  the  shorter  headings  of  the  St.  Gothard  Tunnel,  combined 
imperfect  ventilation  in  the  moist  atmosphere,  in   spite  of  the 

I  of  air  from  the  compressors  and  the  use  of  Mdkarski's  com- 
d-air  engines  in  place  of  ordinary  locomotives  in  the  tunnel, 
3  ver)'  trying  to  the  workmen  and  very  fatal  lo  the  horses. 

le  lining  of  these  tunnels,  as  in  ordinary  tunnels  through  rock,  is 
.  according  to  the  nature  and  condition  of  the  rock,  and  the 

II  of  water  met  with.  The  strata  traversed  by  the  Mont  Cenis 
!l  were  lairly  free  from  water,  and  no  timbering  was  required  in 
uction ;  whilst  a  short  portion  of  the  tunnel  was  not  lined,  other 
ns  were  only  arched  over,  and  side  walls  were  added  where  the 
iras  less  firm  (Fig.   ti?,  p.  202),    The  rock  traversed  by  the 
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St.  Gothard  Tunnel  was  so  disint^rated  and  fissured  in  places,  tbat 
strong  timbering  had  to  be  employed  in  its  construction  through  these 
parts,  especially  where  there  was  a  large  influx  of  water,  and  an  invert 
introduced;  whereas  in  some  parts  no  lining  was  needed,  in  otfaen 
arching  alone  was  used,  and  in  most  places  side  walls  of  varying  tbid* 
ness  and  form  were  added  ^  (Fig.  119,  p.  202).  The  eastern  portion 
of  the  Arlberg  Turmel  passes  through  very  hard  rock,  but  along  the 
western  portion  very  fissured  rock  and  large  quantities  of  water  were 
encountered ;  and,  consequently,  the  protection  of  the  excavated  section 
has  been  varied,  according  to  the  conditions,  from  a  mere  masonry 
lining  of  the  roof  and  sides,  if  feet  thick,  up  to  an  arch  3  feet  thid 
and  side  walls  4  feet  thick  (Fig.  115,  p.  202),  to  which  an  invert  2^  feet 
thick  has  been  added  at  the  worst  places.  Sections  of  the  different 
forms  of  lining  designed  for  the  Simplon  Turmel,  according  to  the 
different  conditions  of  the  rock  traversed,  are  given  in  Fig.  121,  and  in 
dotted  lines  in  Fig.  120,  p.  209;  whilst  in  some  parts  the  rock  will  not 

be  lined. 

Strata  traversed,  and  Rate  of  Driving  Headings  for  Alpine 
ipi^Q^els. — ^The  long  Alpine  tmmels  traverse  the  hardest  primitiTe 
rocks,  varying,  how^ever,  considerably  in  composition,  hardness,  and 
compactness.  The  Mont  Cenis  Tunnel  passes  mainly  through  cal- 
careous schist;  but  its  northern  portion  traverses  carbonaceous  schiH 
in  the  first  i  j  miles,  followed  by  comparatively  short  lengths  of  quartx 
and  limestone.  The  strata  through  which  the  St.  Gothard  Tunnel  was 
carried  vary  greatlv,^  consisting  mainly  of  gneiss  with  mica-schist  and 
hornblende  for  4|  miles  of  the  central  portion,  and  of  granite  with 
gneiss,  and  gneiss  with  schist  along  the  northern  part,  and  of  mica-schist 
with  hornblende  and  quartzous  schist  at  the  southern  part.  The 
Arlberg  Tunnel  traverses  quartzous  schist,  approximating  to  gneiss,  along 
its  eastern  portion,  and  fissured  mica-schist  along  its  western  portion. 
The  strata  through  which  the  Simplon  Tunnel  is  being  carried,  consist 
of  schists  with  beds  of  gypsum  for  the  first  2\  miles  from  the  northern 
end  gneiss,  schist,  calcareous  mica-schists,  and  limestone  along  the 
next  six  miles,  and  gneiss  and  calcareous  mica-schist  in  the  remaining 

four  miles  to  the  south.  

The  process  of  the  headings  not  only  increases  with  the  softness 
of  the  rock  but  also  with  its  homogeneity ;  for  if  the  rock  is  softer  on 
one  side  of  the  holes  being  driven  in  the  face,  than  on  the  opposite  side, 
iliP  boring  tool  diverges  towards  the  softer  side,  and  jams  itself  in  jhe 
u  1  iL  fKof  5>  harder  compact  rock  is  better  for  drilling  in  than  a  softer, 
^""^^'^  ^LeoS  rik  A^  the  Mont  Cenis  Tumiel,  boring  by  hand 
;rS  raTfiS  for  about  five  years  at  the  northern  h^,  and 
or  a^JJt  t^^^^^  years  at  the  southern  headmg,  the  advance  at  both 
hidings  bebig  only  about  a  mUe  on  an  average  of  four  years ;  whereas 

,    ,  r.  »  T^mpctriel  No  20  de  la  ligne  du  St.  Gothard."  Berne,  1878,  vol.  ▼• 

1  **  Rapport  Trim«triel,x^o.2«         .^^^^  ^^  ^^  Consdl  d' Administration  do 

plates  4  and  5  ;  and  ''^f^'^Vf^J^^  i%n^^i^. 

Chemin  de  Fer  du  St.  Gothard,    Lucenic.  i»73    004^^  Gothard."  Berne.  1880^  toL 
«  **  Rapport  Tnmestnel,  No.  31,  ac  la  "j>  ^    — » 

viii.  plate  12. 


PROGRESS  AND  COST  OF  ALPINE   TUNNELS.       2 1 1 

the  headings  were  joined  after  an  average  of  nine  years'  work  with  the 
R)d-drills  worked  by  compressed  air,  the  distance  traversed  being 
about  6f  miles,  so  that  the  rate  of  advance  was  increased  threefold  by 
htioducing  the  machines.  The  rate  of  progress,  however,  varied  within 
I  wide  lange  according  to  the  strata,  averaging  12*9  feet  per  day  during 
the  month  of  most  rapid  advance  through  carbonaceous  sclust,  and 
jnly  1*17  feet  per  day  in  the  month  of  least  advance  when  traversing 
loutz.  The  driving  of  the  headings  was  commenced  by  hand  at  the 
St  Gothard  and  Arlberg  tunnels,  till  the  air-compressing  machinery 
could  be  installed ;  but  the  earlier  introduction  of  machinery  and  im- 
provements in  the  rock-drills,  and  the  employment  of  dynamite  instead 
of  gunpowder  for  the  blasting,  expedited  the  progress  in  these  timnels. 
Tka  ^e  driving  of  the  straight  headings  at  the  Mont  Cenis  Tunnel, 
7*6  miles  in  length,  occupied  13  years  i  month,  giving  an  average 
daily  advance  of  2*8  yards ;  at  the  St.  Gothard,  with  a  length  of  straight 
headings  of  9*26  miles,  the  period  was  7  years  5  months,  making  a 
daily  progress  of  6*02  yards ;  and  at  the  Arlberg,  with  6*33  miles  of 
headings,  the  period  was  3  years  4  months,  or  a  daily  advance  of 
9*15  yards.  The  Simplon  Tunnel  will  be  12^  miles  long,  and  is  to  be 
completed  in  5  years  8  months  from  its  commencement ;  and  assuming 
that  the  headings  must  be  joined  at  least  six  months  before  the  tunnel 
cm  be  completed,  which  would  give  5  years  2  months  for  driving  the 
headings,  the  average  daily  advance  of  the  headings  will  have  to  amount 
to  not  less  than  11*4  yards.  This  is  an  augmentation  of  2^  yards  a  day 
00  the  rate  achieved  at  the  Arlberg  Tunnel,  in  spite  of  the  headings  of 
the  Simplon  Tunnel  having  to  be  carried  nearly  double  as  far  under- 
Stoond  as  those  of  the  Arlberg  Tunnel,  and  being  exposed  to  a  much 
greater  internal  heat.  The  Brandt  rotary  rock-drill  is  being  used  in 
driving  the  headings  of  the  Simplon  Tunnel,  having  furnished  good 
results  in  advancing  the  more  difficult  portions  of  the  Arlberg  Tunnel, 
lo  making  this  favourable  estimate  of  progress,  reliance  has  been 
placed  on  the  improvements  effected  in  the  rock-drills,  the  favourable 
Kne  of  the  Simplon  Tunnel  running  at  right  angles  to  the  general 
direction  of  the  stratification,  and  the  advantages  gained  by  thorough 
^tilation  and  cooling  and  cleansing,  the  prompt  expulsion  of  the 
shattered  rock  directly  after  the  explosion,  and  the  great  facilities 
for  transport  afforded  by  the  parallel  headings  with  their  connecting 
galleries. 

Co0t  of  Long  Alpine  Tunnels. — Owing  to  the  novel  conditions 
onder  which  the  Mont  Cenis  Tunnel  was  constructed,  its  cost  reached 
the  large  sum  of  ^224  j)er  lineal  yard;  but  it  is  believed  that  the 
actual  expenditure  by  the  contractors  was  much  less,  notwithstanding 
the  novel  and  experimental  character  of  the  appliances  they  devised  for 
ttpediting  the  advance  of  the  headings. 

Profiting  by  the  experience  gained  in  the  Mont  Cenis  Tunnel  works, 
^St  Gothard  Tunnel  was  executed  for  ;^i42  per  lineal  yard ;  so  that 
fe  second  long  Alpine  tunnel  was  constructed  much  more  cheaply  and 
paore  rapidly  than  the  first,  in  spite  of  its  greater  length  and  higher 
internal  temperature.     The  Arlberg  Tunnel,   with  the  benefit  of  the 
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enlarged  experience  derived  from  the  two  previous  tunnels,  and  only 
about  two-thirds  the  length  of  the  St.  Gothard  Tunnel,  was  constnicted 
for  about  £ioZ  per  lineal  yard.  The  estimated  cost  of  the  Simpton 
Tunnel,  with  a  tunnel  for  a  single  line  only,  but  with  a  second  headin| 
lined  where  necessary,  amounts  to  jQioi  per  lineal  yard ;  whilst  the  cos 
of  the  two  parallel  single-line  tunnels  is  estimated  at  £12^  per  linea 
yard,  a  notable  anticipated  reduction  on  the  cost  of  the  St.  Gothar 
Tunnel,  notwithstanding  the  considerably  greater  length  of  the  heading 
and  higher  internal  temperature,  necessitating  a  longer  transport,  an 
considerably  greater  provision  for  ventilation  and  cooling  than  at  tb 
St.  Gothard  works,  where  the  appliances  for  these  purposes  wa 
inadequate. 

Remarks  on  Long  Alpine  Tunnels. — ^Though  the  heading 
for  the  long  Alpine  tunnels  have  been  driven  in  a  perfectly  straight  lin 
throughout,  the  timnels  have  been  connected  with  the  approadi  line 
on  each  side  by  short  curved  lengths  of  tunnels  branching  off  from  tfa 
main  tunnel  near  each  extremity,  making  the  lengths  of  the  tunnd 
traversed  by  the  trains  somewhat  longer  than  the  lengths  of  the  stia^ 
headings. 

The  maximum  heat  is  generally  reached  near  the  central  portion  c 
the  headings  for  these  tunnels,  shortly  before  the  junction  of  th 
headings ;  and  as  soon  as  there  is  a  continuous  passage  for  the  air  firoo 
end  to  end,  the  rock  begins  to  cool,  so  that  the  highest  temperature  of  tb 
rock  in  the  St.  Gothard  northern  heading  of  87^*4  in  1880,  was  rediioe< 
down  to  74°'5  in  two  years  and  four  months  after  the  junction  of  tb 
headings  ;  and  three  years  later,  in  the  middle  of  1885,  the  tempeiatup 
had  fallen  to  73°'6.  In  nine  years,  the  maximum  temperature  of  tb 
rock  in  the  Arlberg  Tunnel  fell  from  62°' 2  to  56^*7.  It  is  expected  tha 
the  maximum  calculated  temperature  of  the  rock  in  the  Simplon  heading 
of  104°,  will  be  kept  down  to  7 9°  at  the  faces  of  the  headings,  whilst  the 
are  being  driven,  by  the  ample  supply  of  fresh  air  and  the  spray  of  col( 
water ;  and  the  abundant  ventilation,  which  is  to  be  continued  after  tb 
headings  are  joined,  should  produce  a  more  rapid  cooling  in  the  centr 
of  the  Simplon  Tunnel  than  experienced  in  the  earlier  timnels,  wher 
natural  ventilation  alone  has  been  relied  upon. 

The  ventilation  of  ordinary  tunnels  is  to  some  extent  effected  throug 
the  shafts;  but  even  in  some  of  these  tunnels,  during  damp,  sti 
weather,  and  with  a  larger  traffic,  and  especially  with  a  train  going  up 
steep  ji^radient  where  the  locomotive  has  to  be  kept  fully  at  work,  th 
air  in  the  tunnel  is  liable  to  be  vitiated  to  an  injurious  extent.  In  tl 
long  Alpine  tunnels,  with  no  outlets  except  at  the  two  extremities  son 
n\iles  ai>art,  similar  conditions  lead  to  still  worse  results,  in  the  absen< 
of  any  artificial  ventilation,  except  a  supply  of  compressed  air  which  a 
he  turned  on  at  places  by  the  platelayers  working  in  the  tunnel, 
prevent  their  being  overpowered  by  the  foulness  of  the  atmospher 
l'\)rtunately  the  atmospheric  conditions  are  usually  dissimilar  on  tl 
northern  and  southern  slopes  of  the  Alps,  so  that  generally  a  current 
air  passes  along  the  tunnel,  which  gradually  carries  out  the  noxio 
fuiuf^s  emitted    by  the  locomotives.     Owing,  however,   to  the  lar 
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iDcrease  of  traffic  on  the  St.  Gothard  Railway,  the  natural  ventilation 
which  originally  kept  the  air  in  the  long  tunnel  sufficiently  pure  for  the 
platelayers  to  work  in  without  inconvenience,  gradually  became  so 
vitiated  at  times  as  to  necessitate  recourse  to  artificial  ventilation.  This 
is  effected  by  two  fans,  16^  feet  in  diameter,  which,  worked  by  a  steam- 
engine  at  the  north  end,  force  air  into  a  chamber  round  the  face  of  the 
tunnel,  from  which  it  is  driven  along  the  tunnel  through  an  annular  aperture, 
so  that  it  drags  the  vitiated  air  in  the  tunnel  along  with  it,  and  thereby 
effects  a  renewal  of  the  air.  The  ventilating  fans  established  at  the  two 
outlets  of  the  Simplon  headings  will  be  used  subsequently  for  the  venti- 
lation of  the  tunnel,  forcing  about  2050  cubic  feet  of  air  per  second  into 
the  single  tunnel,  from  each  end  alternately,  during  definite  periods ; 
and  a  similar  volume  will  be  sent  into  each  of  the  tunnels,  when  the 
second  is  completed,  in  the  direction  of  the  trains,  producing  a  current 
of  air  through  the  timnel  having  an  estimated  maximum  velocity  of 
neaily  20  feet  per  second.^ 

The  comparatively  low  level  of  the  Simplon  Tunnel,  with  its 
extremities  at  an  elevation  of  about  1500  feet  less  above  sea-level 
than  those  of  the  St  Gothard  Tunnel,  rendering  the  access  to  the  tunnel 
iar  less  liable  to  be  blocked  by  snow,  making  the  ascent  of  the  approach 
nihrays  considerably  shorter,  and  enabling  the  ruling  gradient  to  be 
somewhat  flatter,  will  be  very  advantageous  to  the  new  route  across  the 
Alps  as  a  competing  line ;  whilst  the  actual  distance  between  Calais 
and  Brindisi  will  be  about  forty  miles  shorter  by  the  Simplon  route,  than 
by  the  St  Gothard,  which  is  about  25  miles  shorter  than  the  Mont 
Ccnis  route.  The  Simplon  Tunnel  will  at  first  only  provide  a  single  line 
for  the  passage  of  trains,  instead  of  the  double  line  in  the  long  tunnels 
of  the  two  competing  routes ;  but,  nevertheless,  not  only  will  a  second 
line  be  provided  by  the  completion  of  the  second  tunnel  as  soon  as  the 
traffic  renders  it  expedient,  but  a  wider  tunnel  is  to  be  constructed  in 
the  central  part  at  the  summit-level,  for  a  length  of  550  yards,  which  will 
serve  as  a  passing-place  for  the  trains  in  the  single-line  tunnel,  till  the 
line  is  doubled  by  opening  out  the  second  tunnel. 

^  Bulletin  tU  la  SociiU  Vaudoise  des  Inginieurs  d  des  Architectes^  Lausanne,  1895, 
P-»7. 


CHAPTER   XIII. 

SUBAQUEOUS  TUNNELS. 

Peculiarities  of  subaqueous  tunnels ;  system  of  construction ;  drive 
headings,  and  lined  with  brickwork,  illustrated  by  Severn  and  M> 
tunnels ;  difficulties  resulting  from  land  springs ;  Severn  and  M* 
tunnels,  gradients,  drainage,  ventilation,  remarks — ^Tunnelling  thi 
clay  under  lakes,  illustrated  by  Chicago  tunnels  under  Lake  Mid 
— Iron  sbidd  used  for  Thames  Timnel,  progress  and  cost  of  ^ 
intended  for  road,  used  by  railway — Annular  shield,  used  for  Qcvi 
Tunnel  imder  Lake  Erie  ;  with  diaphragm  and  cast-iron  tube  for  1 
Subway,  advantages  of  system — Compressed  air  for  Hudson  Tn 
with  pilot  tube,  with  shield  and  cast-iron  tube — Tunnelling  i 
St.  Clair  River  with  shield  and  tube  ;  under  River  Thames  at  Blacl 
with  compressed  air,  shield,  and  tube,  description  of  work — Diffic 
in  using  compressed  air  for  tunnelling  under  rivers,  precautions  n 
sary — Compressed-air  illness,  and  remedy — Concluding  remarl 
subaqueous  tunnelling  with  shield,  tube,  and  compressed  air. 

The  chief  differences  between  subaqueous  tunnels  and  ordinary  tu 
are,  that  instead  of  traversing  strata  situated  considerably  abov< 
drainage  level  of  a  valley,  subaqueous  tunnels  have  to  be  carried  t 
the  general  water-level  of  the  district,  and  therefore  are  not 
exposed  to  the  possible  influx  of  water  from  the  river  or  lake  i 
which  they  pass,  but  also  have  to  be  constructed  through  strata  lial 
be  charged  with  water ;  and,  secondly,  that  they  generally  have  t 
given  descending  gradients  towards  their  central  portion,  instead  < 
ascending  gradients  of  other  tunnels,  in  order  to  dip  sufficiently  i 
the  deepest  part  of  the  bed  of  the  river  or  estuary.  Consequ 
considerable  volumes  of  water  may  have  to  be  raised  by  pumps,  p 
in  shafts  sunk  at  the  nearest  available  sites  on  land  to  the  centre  ( 
tunnel,  aided  in  the  longer  tunnels  by  a  drainage  heading  leading 
the  lowest  point  of  the  central  part  of  the  tunnel,  with  a  fsdling  gra 
to  the  bottom  of  a  deep  shaft. 

Systems  of  Construction. — Two  methods  of  construction 
been  adopted  for  subaqueous  timnels,  namely,  (i)  Tunnels  const 
by  driving  headings  from  shafts  on  the  shore  in  the  ordinary  mi 
the  headings  and  tunnel  being  kept  dry  by  pumps  and  drainage 
ings,  of  which  the  Severn  and  Mersey  tunnels  are  notable  exau 
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and  (2)  Tunnels  driven  under  the  shelter  of  an  iron  tube,  provided  with 
a  steel  shield  pushed  forward  gradually  at  the  face  as  the  excavation 
progresses,  the  water  being  kept  out  at  the  worst  places  by  means  of 
compressed  air,  a  method  adopted  for  the  recent  London  electric 
railways  passing  at  a  considerable  depth  below  the  Thames,  and  through 
clay  and  water-bearing  gravel  beds  imderlying  the  metropolis,  and  on 
a  larger  scale  for  the  road  passing  under  the  Thames  at  Blackwall,  and 
also  for  the  later  portions  of  the  unfinished  tunnel  under  the  Hudson 
River  at  New  York,  and  for  the  Samia  Tuimel  under  the  St.  Clair 
River. 

Subaqueons  TnnnelB  driven  by  Headings  and  Lined. — 
The  railway  timnels  constructed  imder  the  Severn  estuary  in  1873-86, 
and  under  the  deep  outlet  channel  of  the  Mersey  estuary,  between 
Liverpool  and  Birkenhead,  in  1879-86,  4  miles  624  yards,  and  i  mile 
940  yards  long,  respectively,  were  driven  by  headings  from  the  shafts, 
15  feet  and  17^  feet  in  c^meter,  sunk  on  the  two  banks,  aided  by 
drainage  headings  at  a  lower  level,  and  lined  with  brickwork  (Figs.  122, 
123, 124,  and  125,  p.  216).  The  Severn  estuary  has  a  width  of  about  2^ 
miles  at  high  tide  over  the  site  of  the  timnel,  with  a  maximum  depth  of  95 
feet  at  high  water  of  spring  tides,  and  a  minimum  thickness  of  ground 
between  the  top  of  the  tunnel  and  the  river-bed  of  44^  feet ;  whilst  the 
Heisey  is  f  mile  wide  where  the  tunnel  crosses,  there  is  a  maximum  depth 
of  ICO  feet  at  high  water  of  spring  tides,  and  a  minimum  thickness  of 
ground  between  the  top  of  the  tunnel  lining  and  the  river-bed  of  30 
feet  The  strata  through  which  the  Severn  Tunnel  passes  consist  of 
coi^lomerate,  limestones,  carboniferous  beds,  sandstone,  marl,  gravel, 
and  sand,  and  have  a  considerable  dip ;  whilst  the  Mersey  Tunnel, 
throughout  its  lower  portion  between  the  two  main  shore  shafts,  1770 
yards  apart,  is  in  the  new  red  sandstone,  except  for  66  yards  under  the 
river  near  the  Liverpool  shore,  where  the  arch  of  the  tunnel,  though 
covered  with  70  feet  of  soil,  emerges  3  to  6  feet  out  of  the  rock  into 
day  with  a  layer  of  sand,  where  doubtless  a  deep  channel  of  the  river 
fan  in  ancient  times. 

A  drainage  heading,  7  feet  square,  was  driven  from  the  Monmouth- 
*Ure  shaft  to  the  lowest  point  of  the  Severn  Tunnel,  rising  with  a 
gradient  of  i  in  500  to  drain  the  timnel  during  construction,  and  also 
^rits  completion,  and  was  continued  up  the  gradient  descending  from 
^e  Gloucestershire  shore*  (Fig.  122,  p.  216);  whereas  at  the  Mersey 
T'unnel,  after  a  trial  heading  had  proved  the  absence  of  fissures  in  the 
sandstone  rock,  drainage  headings,  7  to  8  feet  in  diameter,  were  driven 
from  the  two  shore  shafts,  with  rising  gradients  of  i  in  500  followed  by  i  in 
900,  till  they  met  in  the  centre  (Fig.  124,  p.  216),  the  Liverpool  drainage 
^ding,  driven  by  hand,  advancing  11^  yards  per  week  on  the  average  ; 
and  the  other,  excavated  by  a  Beaumont  boring  machine  progressed  at 
a  rate  of  14^  yards  per  week,  which  machine,  with  certain  modifications, 

'  "The  Severn  Tunnel;  its  Construction  and  Difficulties,  1872-87,"  T.  A. 
Wilker,  1888  ;  **  Achievements  in  Engineering,"  L.  F.  Vernon-Harcourt,  pp.  95 
uid  100  to  106  ;  and  Proceedings  Inst,  C.E.y  vol.  cxxi.  p.  305. 
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looi,  pruvcu  (u  uc  iii  pcnt^ci  iinc,  3370  yarus,  uut  ui  4040 
vreen  the  main  shore  shafts,  having  been  driven  from  the 
hshire  side,   the    actual    time    occupied    in   driving  having 

to  4  years  10  months;  and  the  divergence  in  the  lines  of  the 
adings  was  only  2^  inches  where  they  were  joined,  11 15  yards 
Birkenhead  shaft,  the  difficulty  in  setting  out  the  line  having 
*ased  by  the  pumping  shafts  being  away  from  the  centre  line. 
olties  reBiilting  firom  Land  Springs. — The  greatest 
n  constructing  the  Severn  Tunnel  resulted  from  the  piercing 
;e  spring,  in  1879,  in  driving  the  inland  heading  from  the 
hshire  ^aft,  about  i^  furlongs  landwards  of  the  estuary, 
idly  flooded  the  works  and  arrested  their  progress  for  nearly 
5,  till  the  flow  of  water  could  be  controlled  by  pumping,  and 
r  shut  off.  The  spring  burst  out  a  second  time  in  1883,  and 
xled  the  works  for  a  short  time ;  and  eventually  sufficient 
power  was  established  in  a  shaft  sunk  by  the  side  of  the 
the  site  of  the  spring,  to  deal  with  the  whole  flow.  A  leakage 
rorks  did,  indeed,  occur  in  1881  from  a  pool  in  the  estuar>' 
Gloucestershire  shore;  but  it  was  soon  stopped  with  clay 

at  low  water  in  the  bed  of  the  pool.  In  constructing  the 
Lionel,  also,  more  water  was  met  with  imder  the  land  than 
river,  though  one  fissure  was  met  with  near  the  centre  of  the 
led  up  with  clay  and  disintegrated  sandstone.  The  remarkable 
rom  water  in  both  cases  under  the  river,  must  be  attributed  to 
re  of  the  interstices  in  the  strata  by  the  silt  of  the  river.     A 

door  for  dividing  the  long  heading  of  the  Severn  Tunnel  in 

in  case  of  flooding,  left  open  in  the  confusion  on  the  bursting 
J  large  spring,  was  closed  imder  water  by  a  diver  carrying  a 
of  compressed  oxygen,  which  greatly  facilitated  the  pumping 
e  water;  but  flood  doors  provided  in  the  Mersey  headings, 
required. 
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2\  and  3j  foriongs.  and  a  central  portion,  about  2\  furlongs  in  length, 
rising  cowards  the  centre  with  gradients  of  i  in  900  to  provide  for 
drainage  to  the  headings  on  each  side  <  Fig.  1 24,  p.  2 1 6).  In  order  to  keep 
these  tunnels  dr\\  wuh  gradients  fisilling  towards  the  centre,  permanent 
pumping  machinery  has  to  be  maintained,  more  particularly  in  the  shafts 
in  communication  with  the  drainage  headings,  extending  to  a  depth  of 
2CC  feet  at  the  Severn  Tunnel,  and  170  feet  at  the  Mersey  Tunnd 
Pumps  have  been  erected  in  ^\^  shafb  at  the  Severn  Tunnel,  capabk 
of  raising  66  million  gallons  of  water  per  day,  more  than  double  the 
maximum  hitherto  required ;  and  six  sets  of  pumps  have  been  placed  in 
the  main  shore  shafts  of  the  Mersey  Turmel,  to  ensure  it  against  beinf 
riooced. 

Ventilation  of  Severn  and  Mersey  Tunnels. — These  sub 
aqueous  tunnels  descending  to  such  a  low  level  underground,  and 
necessarily  exposed  to  a  diamp  atmosphere,  are  specially  in  need  d 
ventilation,  which  has  been  effected  in  the  case  of  the  Severn  Tunnel  b) 
fans  woridng  in  the  two  main  shafts,  the  fan  in  the  Monmouthshire  shaft 
ha\-ing  a  diameter  of  40  feet  and  a  width  of  12  feet.  The  ventilation  ii 
the  Nlersey  Tunnel  is  accomplished  by  two  fans  in  two  shafts  on  eadi 
side  of  the  river,  40  feet  and  30  feet  in  diameter,  and  12  feet  and  10  fed 
wide,  by  which,  with  the  aid  of  ventilation  headings  opening  out  of  the 
tunnel,  the  foul  air  is  drawn  out  of  the  tunnel  into  the  ventilation 
headings,  and  thence  to  the  four  fans ;  and  its  place  is  supplied  by  fresh 
air  flowing  in  at  the  two  imderground  stations  (Figs.  124  and  125,  p.  216). 

Remarks  on  Severn  and  Mersey  Tunnels. — ^The  Merse) 
Tunnel  Railway,  about  3  miles  in  length,  cost  about  ;^5oo,ooo  pei 
mile,  including  two  stations,  purchase  of  property,  and  rolling-stod^ 
equivalent  to  ^284  per  lineal  yard,  which,  however,  embraces  expense! 
not  properly  chargeable  to  the  tunnel.  Subaqueous  timnels  executed 
under  the  conditions  of  the  Severn  and  Mersey  tunnels,  are  costly  and 
somewhat  hazardous  works ;  and,  moreover,  they  involve  a  yearly  charge 
in  pumping  for  drainage,  and  in  ventilation.  Nevertheless,  tunnels  a 
tills  kind,  like  Alpine  tunnels,  should  not  be  regarded  merely  as  isolatec 
works,  but  as  links  in  long  lines  of  communication,  the  utili^  and  traffic 
of  which  they  may  greatly  increase  and  extend,  which  is  the  function  tb 
Severn  Tunnel  has  effected  for  the  Great  Western  Railway  system,  whos( 
lines  to  the  north  and  south  were  formerly  severed  by  the  Severn  west  0 
Gloucester.  The  Severn  Tunnel  is  the  longest  railway  tunnel  in  Englanci 
being  1434  }'ards  longer  than  the  Totley  Tunnel;  but  it  is  exceeded  i 
length,  to  the  extent  of  696  yards,  by  the  Hoosac  Tunnel  in  the  Unite 
States,  as  well  as  by  the  long  Alpine  tunnels  previously  described. 

Tunnelling  through  Clay  under  Lakes. — Instances  of  sul 
aqueous  tunnels  constructed  through  soft  soil  in  the  ordinary  manne 
are  furnished  by  the  two  tunnels  driven  through  blue  clay  under  Lak 
Michigan,  for  supplying  Chicago  with  pure  water  from  the  lake,  at 
sufficient  distance  from  the  shore  to  be  beyond  the  influence  of  th 
sewage  and  refuse  discharged  into  the  lake  from  the  town.  The  fir 
tunnel,  constructed  in  1864-67,  extends  from  a  land  shaft  near  the  shoi 
of  the  lake,  to  a  lake  shaft  sunk  in  the  bed  of  the  lake  and  protected  t 
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timber  crib-work  weighted  with  rubble  stone.  The  excavation  was 
cvried  out  from  both  shafts ;  and  the  tunnel  was  lined  with  two  rings 
of  brickwork,  being  given  an  inside  diameter  of  5  feet,  and  a  fall  shore- 
wards  of  3-  feet  in  its  length  of  2  miles,  to  provide  a  supply  of  50  million 
giUons  of  water  per  day.^  The  tunnel  was  ventilated  during  its  progress 
by  drawing  out  the  foul  air  through  an  8-inch  pipe ;  its  construction, 
together  with  its  two  cast-iron  9-inch  cylindrical  shafts,  occupied  1003 
days;  and  it  cost  ^27  per  lineal  yard.  The  second  tunnel,  constructed 
in  1872-74,  parallel  to  the  first  at  a  distance  of  50  feet,  has  an  internal 
diameter  of  7  feet,  in  order  to  afford  a  further  supply  from  the  lake  of 
100  million  gallons  a  day.  It  is  2  miles  83  yards  long  between  the 
shote  and  lake  shafts ;  its  lake  shaft  is  protected  by  the  same  crib-work 
as  the  first ;  and  it  cost  ^24  per  lineal  yard.  The  influx  of  water,  and 
the  obstruction  of  old  timber,  somewhat  impeded  the  sinking  of  the  land 
shafts  through  the  14-feet  layer  of  sand  overlying  the  clay ;  and  a  leakage 
of  vater  from  the  first  tunnel  caused  difficulties  in  sinking  the  second 
lake  shaft,  and  in  constructing  the  second  timnel  close  to  the  crib ;  but 
the  only  other  obstacle  encountered  in  making  the  tunnels,  was  the 
occasional  escape  of  inflammable  gas  from  pockets  in  the  clay. 

Iron  Shield  used  for  the  Thames  TunneL — Whilst  the  ordinary 
system  of  tuimelling  can  be  employed  for  subaqueous  tunnels,  carried 
at  a  considerable  depth  through  rock  rendered  watertight  by  long 
deposit  of  silt,  and  devoid  of  large  fissures,  and  also  through  stiff 
day,  without  exceptional  difficulties,  special  contrivances  have  to  be 
resorted  to  in  camymg  subaqueous  tunnels  through  silt,  sand,  gravel, 
«  other  permeable  strata.  An  iron  shield  was  used  in  the  construction 
of  the  first  subaqueous  tunnel  in  soft  soil  under  the  Thames,  about  i^ 
nriles  below  London  Bridge,  with  the  object  of  shutting  out  ffom  the 
*orks  any  influx  of  water  from  the  river  through  a  variable  bed  of  clay, 
tt  a  minimum  depth  of  only  16  feet  below  the  bed  of  the  river.  The 
fast-iron  shield,  38  feet  wide,  7  feet  long,  and  2  2  feet  high,  was  divided 
>»»to  three  horizontal  stages,  having  each  twelve  compartments  large 
enough  for  a  man  to  work  in,  and  excavate  the  face  in  front  of  the 
"Weld,  which  was  pushed  forward,  as  the  excavation  proceeded,  by  a 
scries  of  horizontal  screws  resting  against  the  finished  brickwork  behind. 
Only  so  many  of  the  thirty-six  compartments  were  opened  at  a  time  as 
^[ht  appear  safe ;  and  they  were  closed,  when  necessary,  by  horizontal 
poards  strongly  strutted  at  the  back.  Nevertheless,  the  river  burst  twice 
wto  the  tunnel  works  through  seams  in  the  clay  ;  and  the  holes  formed 
»>y  the  influx  were  closed  with  bags  of  clay.  The  rate  of  progress  was 
*|^out  2  feet  in  24  hours;  but  owing  to  the  flooding  and  financial 
^fficulties,  the  tunnel,  commenced  in  1825,  was  only  completed  in 
'j?43»  though  only  400  yards  long  between  the  shafts  (50  feet  in 
diameter  and  80  feet  deep)  sunk  on  each  bank ;  and  the  cost  of  the 
f^el  reached  jQii^l  per  lineal  yard.  The  tunnel  was  originally 
intended  to  provide  a  double  roadway  connecting  the  roads  on  the 

'  "  Annual  Reports  of  the  Board  of  Public  Works  of  Chicago ;"  ami  "  Tunnelling," 
"  S.  Drinker,  pp.  911  to  939. 
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two  sides  of  the  river ;  but  the  approaches  having  never  been  constnicied, 
it  was  only  used  through  the  shafts  by  foot-passengers,  till,  in  1866,  the 
East  London  Railway  purchased  it  for  carrying  a  double  line  of  railway 
under  the  river,  thereby  foFming  a  connection  below  London  Bridge 
between  the  lines  on  the  north  and  south  sides  of  the  river. 

Annular  Shield  or  Gutter. — A  shield  made  of  wrought  iron 
and  annular  in  form,  6-|-  feet  internal  diameter  and  6  feet  long,  was 
employed  for  constructing,  through  soft  clay,  140  feet  of  the  tunnd 
carried  under  Lake  Erie  from  Cleveland,  in  1870-74,  for  supplying  the 
town  with  pure  water  from  the  lake.  This  shield  was  forced  forward 
by  hydraulic  presses  so  as  to  cut  into  the  clay,  w^hich  was  prevented 
from  coming  into  the  shield  too  fast  by  its  friction  against  some 
horizontal  shelves  in  the  front  part.^  The  hinder  two  feet  of  the  shield 
were  made  smooth  inside  and  left  unobstructed,  so  that  the  brick  rings 
of  the  tunnel  could  be  constructed  under  its  shelter ;  and  the  shield  was 
pushed  forward  about  16  inches  at  a  time,  so  that  it  still  overlapped  the 
finished  brickwork  for  8  inches,  leaving  sufficient  space  for  a  length  oi 
two  brick  rings.  This  shield,  accordingly,  cut  into  the  clay  in  front, 
and  supported  the  excavated  length  till  the  brickwork  could  be  built; 
but  it  was  not  adapted  for  contending  with  water-bearing  strata. 

Annular  Shield  with  Diaphragm  and  Cast-iron  Tube.--A 
little  earlier,  a  somewhat  similar  annular  wrought-iron  shield  was  used 
for  constructing  the  Tower  Subway  under  the  Thames  ^  mile  below 
London  Bridge,  through  stiff  London  Clay,  with  a  minimum  thickness 
of  ground  of  22  feet  between  the  river-bed  and  the  tunnel.  This  shield, 
however,  4^  feet  long,  was  provided  with  a  plate-iron  diaphragm  ic 
front,  with  a  central  aperture  through  which  men  could  excavate  the 
clay,  and  eventually  pass  out  to  form  a  heading  in  advance,  along  whid 
the  shield  w2ls  subsequently  pushed  forward  by  screws,  aided  by  its 
cutting  edge  at  the  face.  The  cast-iron  tube  forming  the  lining  of  th< 
subway,  having  an  internal  diameter  of  7  feet,  was  put  together  ii 
successive  rings,  i^  feet  long,  made  up  of  three  segments  and  a  key 
piece  bolted  together,  under  shelter  of  the  rear  2|  feet  of  the  shield- 
The  I -inch  space  left  round  the  tube  by  the  advance  of  the  encirclinj 
shield,  was  filled  up  by  forcing  lias  lime  grout  into  it  through  smal 
holes  formed  for  the  purpose  in  the  rings,  so  as  to  prevent  any  settle 
ment  of  the  surrounding  clay.  The  Tower  Subway  was  conslructe 
in  about  nine  months  in  1869,  from  two  shafts,  10  feet  in  diametei 
sunk  63  feet  and  56  feet  respectively,  below  the  surface  on  each  ban 
into  the  London  Clay ;  no  difficulties  were  experienced  in  driving  i 
a  maximum  rate  of  progress  of  9  feet  in  24  hours  having  been  attained 
and  its  cost  of  about  ^10,000,  for  a  length  of  tutmel  of  450  prd 
was  equivalent  to  ;^22  per  lineal  yard. 

The  adoption  of  a  cast-iron  tube  removes  the  liability  to  injury,  l 

*  **  Annual  Report  of  the  Board  of  Trustees  of  Water-works,"  Cleveland,  187. 
anil  *•  Tunnelling/*  H.  S.  Drinker,  pp.  939  to  954. 

*  '•  On  the  Relief  of  London  Street  Traffic,  with  a  Description  of  the  To» 
Subway,"  P.  W.  Barlow,  London,  1867  ;  and  Proceidings  Inst.  C.E.^  vol.  cxxi 
pp.  56  and  77. 
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vfuch  the  Cleveland  tunnel  was  exposed,  by  the  shield  bearing  unduly 
30  the  extremity  of  the  brick  lining  when  pushed  forward,  and  settling 
KMnewhat  in  the  soft  clay;  and  the  grouting  with  lime  round  the 
Kitside  of  the  tube,  where  the  stratum  traversed  has  sufficient  consistency 
lot  to  fill  up  immediately  the  void  left  by  the  shield  in  its  advance, 
imishes  a  valuable  protection  against  settlement.  The  addition  of 
D  air-tight  partition  across  the  completed  tube  at  the  back,  in  a 
Eiitable  position,  with  an  air-lock  providing  a  passage  through  it, 
oables  the  tube  to  be  advanced  through  water-bearing  strata  under  the 
rotection  of  compressed  air,  and  completes  the  system  which  has  been 
ery  successfully  employed  for  some  subaqueous  tunnels  in  recent  years. 
Ck>mpre88ed  Air  at  the  Hudson  Tunnel  with  Pilot  Tube, 
Ad  lubsequently  with  Shield. — Compressed  air  was  employed  in 
XMDstmcting  the  double  tunnel  under  the  Hudson  River  for  connecting 
[cney  City  with  New  York,  which  was  mainly  carried  through  silt,  with 
I  minimum  thickness  of  ground  of  15  feet  between  the  bed  of  the  river  and 
d)e  crown  of  the  tunnel,  where  the  maximum  depth  of  water  attains  60 
feet ;  and  iron  rings,  2^  feet  in  length,  built  up  in  segments,  were  also  used, 
the  top  portions  being  at  first  pushed  forward  to  serve  as  a  hood  till  the 
lower  excavation  could  be  accomplished,  and  the  rings  completed.  The 
Mc  of  compressed  air,  however,  in  a  horizontal  tunnel,  is  much  more 
difficult  to  control  than  in  vertical  cylinders  or  caissons,  which  constitute 
a  sort  of  diving-bell ;  and  it  was  found  necessary  to  vary  the  pressure 
wcording  to  the  conditions,  for  with  too  low  a  pressure,  water  leaked 
in  through  the  silt,  and  with  too  high  a  pressure,  the  silt  lost  its 
compactness  by  the  forcing  back  of  the  water,  and  fell  in.  Leaks  also 
occuned  on  two  occasions  through  the  disturbed  silt,  flooding  the 
'forks :  and  in  traversing  gravel  and  sand,  a  shield  had  to  be  resorted 
to,  built  in  pieces  down  the  face  of  the  excavation  as  it  progressed, 
^  strongly  strutted  to  keep  up  the  face.^  Moreover,  eventually,  as 
f^e  iron  rings,  constituting  the  framework  of  the  brick  tunnel  built 
inside,  could  not  be  maintained  in  a  perfectly  straight  lint*,  a  small 
pilot  tube,  60  feet  long  and  6  feet  in  diameter,  was  built  out  about  30 
feet  in  advance  of  the  finished  tunnel  which  supported  its  hinder  half; 
whilst  the  rings  of  the  timnel  were  erected  in  exact  line  by  beinj; 
strutted  by  radial  braces  from  the  pilot  tube.  After  various  stojjfiages 
due  to  flooding  and  deficiency  of  funds,  the  works,  which  had  been 
commenced  in  1874,  were  resumed  in  1889,  after  a  stoppage  of  about 
5)x  and  a  quarter  years,  with  the  aid  of  a  shield  and  cast-iron  tube 
similar  in  principle  to  the  Thames  Subway,  but  on  a  large  scale,  and 
*ith  the  addition  of  compressed  air.  The  steel  shield  was  10 J  feet 
'ong,  divided  into  two  portions  by  a  plate-iron  diajihragm  a(  ross  it, 
Sjfeet  inside  of  the  cutting  edge;  but  whilst  the  inner  portion  was  kept 
'^jear  for  the  erection  of  the  tube,  the  outer  portion  was  divided  into 
'^ine  compartments  by  two  horizontal  and  two  vertical  diaphragms.* 

'  "Tunnelling  under  the  Hudson  River,'*  S.  I).  V.  Burr,  New  Y<irk,  1885  ;  an<l 
*  Achievements  in  Engineering,"  pp.  89  to  94. 

*  ''Practical  Tunnelling,"  F.  W.  Simms,  4th  edition,  1896,  p.  494^,  an<l  pbtc 
t«i.  B. 
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The  shield  was  pushed  forward  by  sixteen  hydraulic  rams,  making  the 
cutting  edge  dig  its  way  into  the  soft  silt,  which,  filling  the  front  of  the 
shield,  was  squeezed  through  the  doors  {2\  feet  by  2  feet)  in  ti&e 
diaphragm,  llie  cast-iron  tube,  having  an  outside  diameter  of  19^ 
feet,  was  built  up  in  rings  under  shelter  of  the  rear  part  of  the  shield, 
each  ring  forming  a  length  of  i  foot  8^  inches  of  tube,  being  composed 
of  ele\6n  segments  and  a  key  piece,  with  a  skin  i^  inches  thick  and 
flanges  9  inches  deep.  A  hydraulic  erector  was  adopted,  to  put  into 
position  and  support  each  of  the  heavy  segments  of  a  ring  whilst 
bolting  it  to  the  adjacent  segment.  An  additional  length  of  1900  feet 
of  the  Hudson  Tunnel  had  been  constructed  in  this  manner,  the 
greatest  weekly  advance  reaching  72  feet,  when  the  works  were  again 
stopped  in  July,  1891,  for  want  of  funds,  leaving  1600  feet  on  the  southern 
New  York  side  to  be  built  to  complete  the  tunnel,  the  Hudson  River 
at  the  site  of  the  tunnel  being  about  a  mile  in  i^idth. 

Shield  and  Cast-iron  Tube  for  Tunnel  under  St.  Glair  River. 
— During  the  progress  of  the  above  work,  a  tunnel  was  successfully  carried 
out  by  the  same  method  under  the  St.  Clair  River,  connecting  Lakes 
Huron  and  St.  Clair,  for  joining  the  Grand  Trunk  Railway  of  Canada  to  the 
United  States  railway  system  at  Port  Huron.  This  tunnel,  constnicted 
in  1SS9-90,  is  2017  yards  long,  of  which  767  yards  are  under  the 
river ;  it  traverses  blue  clay  sufficiently  compact  for  compressed  air  to 
have  been  dispensed  with ;  and  its  tube,  with  an  internal  diameter  of 
20  feet,  is  lined  inside  with  masonry,  and  affords  a  passage  for  a  single 
line  of  railway. 

Tunnelling  under  the  Thames  with  Gompreased  Air,  Shield, 
and  Tube. — The  tunnel  constructed  under  the  Thames  at  Blackwall 
in  1892-97,  for  connecting  the  roads  on  the  two  sides  of  the  river, 
furnishes  a  good  illustration  of  the  successful  application  of  the  system 
in  tunnelling  through  water-bearing  strata  at  a  small  depth  below  the 
bed  of  a  tidal  river.     The  total  length  of  the  work  is  6200  feet,  including 
1735  ^^^^  of  open  approaches  at  the  two  ends  flanked  by  retaining  walls; 
whilst  out  of  the  4465  feet  of  covered  way,  1349  feet  were  excavated 
in  the  open  and  then  arched  over,  known  as  the  "cut  and  cover" 
method,  and  the  remaining  central   31 16  feet  were  carried  out  by 
tunnelling  with  a  shield  under  compressed  air,  of  which  1220  feet  are 
under  the  river  ^  (Fig.  126,  p.  216).     The  strata  traversed  consisted  of 
clay,  coarse  gravel,  sand,  shale,  and  a  little  chalk ;  and  at  one  place, 
where  the  shield  had  to  j^ass  at  a  minimum  depth  of  five  feet  below  the 
bed  of  the  river,  a  layer  of  clay  was  temporarily  deposited  from  hopper 
bargtrs  in  the  bed  of  the  river,  on  the  intervening  stratum  of  course 
gravel,  along  450  feet  of  the  line  of  the  tunnel  for  a  width  of  150  feet, 
its  maximum   thickness  reaching  ten   feet.     This  layer  checked  the 
escape  of  air  through  the  coarse  gravel,  and  also  prevented  the  pressure 
of  air  from  the  tunnel  forcing  up  the  thin  stratum  between  it  and  the 
river-bed.      The  steel  shield  was  19J  feet  long  and  27I  feet  outside 
diameter ;  and  its  forward  portion  was  stiffened  by  three  horizontal  and 
three  vertical  plate  diaphragms,  dividing  the  working  face  into  four  floors 

*  Proceedings  Inst,  C£.,  vol.  cxxx.  p.  52,  and  plates  2  and  3. 
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ttid*  twelve  compartments  (Figs.  128  and  129,  p.  216).  Two  cross 
&phiagms,  one  about  the  centre  of  the  shield  and  the  other  3  feet 
Uund  It,  shut  off  the  face  completely  from  the  tunnel  when  necessary ; 
lod  four  air-locks  provided  for  access  to  the  face ;  whilst  openings  in 
the  cross  diaphragms,  closed  by  doors  and  furnished  with  shoots  in  all 
the  compartments,  enabled  the  material  from  the  face  to  be  disposed  of. 
The  shield  was  forced  forward  by  twenty-eight  hydraulic  rams ;  and  in 
driving  it  through  wet  sand  and  gravel  under  the  river,  six  additional  rams 
vere  required,  giving  a  total  pressure  of  5165  tons.  The  rear  portion  of 
the  shield,  for  a  length  of  6f  feet,  was  kept  clear  as  usual  for  the  erection 
of  the  rings,  each  2^  feet  long,  so  that  the  shield,  when  pushed  forward 
nfficiently  for  the  erection  of  another  ring,  still  fuUy  overlapped  the  last 
completed  ring.  The  rings,  having  an  external  diameter  of  27  feet,  and 
Boade  up  of  fourteen  segments  and  a  key,  were  erected  with  the  help  of 
two  hydraulic  erectors  carried  on  the  back  of  the  shield  (Fig.  129,  p. 
216),  which  lifted  the  segments  successively  into  place.  The  flanges 
Were  eventually  buried  in  a  filling  of  concrete,  lined  on  the  inside  face 
with  glazed  tiles.  The  roadway  through  the  tunnel  js  16  feet  wide, 
with  a  footway  on  each  side ;  and  there  is  a  capacious  subway  under 
the  road  for  pipes  (Fig.  127,  p.  216).  The  cost  of  the  work  amounted 
to  ;^87 1,000,  equivalent  to  ;^42i  per  lineal  yard  of  tunnel  and 
approaches ;  whilst  the  subaqueous  portion  of  the  tunnel  cost  about 
^550  per  lineal  yard. 

Dil&caliies  attending  Employment  of  Compressed  Air  for 
Toxmelling. — The  main  difficulty  experienced  in  using  compressed 
air  in  driving  a  horizontal  tube,  consists  in  the  pressure  required  for 
keeping  the  bottom  portion  of  the  section  clear  of  water  exceeding  the 
pressure  needed  at  the  top,  so  that  with  a  sufficient  bottom  pressure,  the 
air  tends  to  escape  at  the  top.  The  tendency  also  of  water  to  come  in, 
and  therefore  the  pressure  required  to  resist  it,  varies  with  changes  in 
the  nature  or  condition  of  the  strata ;  whilst  a  sudden  large  escape  of 
air  from  the  top,  by  lowering  the  pressure,  often  leads  to  a  sudden 
inrush  of  water;  and,  moreover,  when  it  occurs  under  the  bed  of  a 
river,  by  loosening  the  intervening  strata,  the  influx  of  water  into  the 
works  is  further  promoted.  In  traversing  very  porous  water-bearing 
stata,  such  as  the  gravel  beds  of  the  Black  wall  Tunnel,  the  openings 
in  the  diaphragm  of  the  shield,  through  which  the  excavated  materials 
are  drawn,  have  to  be  reduced  to  a  minimum,  the  gravel  having  been 
taken  from  the  face  of  the  Blackwall  Tunnel  through  holes  of  only  seven 
inches  by  foiu:  inches  for  many  days  in  succession,  the  rate  of  progress 
ander  such  conditions  being  sometimes  only  one  foot  per  day.  Pro- 
vision also  has  to  be  made  against  any  sudden  influx  of  water  from  an 
sscape  of  air  or  other  cause,  by  hanging  an  air-tight  screen  a  short 
distance  back  from  the  shield,  across  the  upper  half  of  the  tunnel,  with 
m  air-lock  at  the  top,  through  which,  on  the  occurrence  of  a  rapid 
flooding,  the  men  could  escape  to  the  back  of  the  screen,  where,  being 
sure  of  finding  an  air-space,  they  could  pass  along  a  gangway  to  the 
smergency  air-lock  at  the  top  of  the  brick  bulkhead  separating  the  portion 
)f  the  tunnel  under  compressed  air  from  the  rest. 
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Dlneas  resulting  firom  working  under  Compressed  Air, 
and  a  Remedy. — The  maximum  pressure  reached  both  in  the  Hudson 
and  Blackvall  Tunnels,  was  about  35  lbs.  per  square  inch  beyond  the 
atmospheric  pressure ;  and  it  was  found  at  the  Hudson  Tunnel,  that  the 
men.  on  leaving  the  compressed  air,  were  liable  to  be  suddenly  seized 
with  pains  in  the  limbs,  and  sometimes  paralysis ;  and  the  prevaleDce 
of  this  illness  proved  to  be  greater  in  proportion  to  the  pressure,  and 
the  deficiency  in  purit}*  of  the  air.     A  man  might  work  in  compressed 
air  for  months  without  feeling  any  ill-effects,  and  then  one  day  be 
suddenly  struck  down  after  leaving  his  work.     Under  a  pressure  of 
35  lbs.,  the  amount  of  carbonic  acid  in  the  air  should  not  be  allowed  to 
exceed  one  in  1000.    The  high  death-rate  amongst  the  men  employed 
under  compressed  air  in  the  Hudson  Tunnel,  led  to  the  adoption  of  a 
compressed-air  hospital,  in  which  men  were  placed  on  exhibiting  any 
signs  of  illness  on  emerging  into  the  open  air.     In  this  chamber,  filled 
^nth  pure  air  under  a  moderate  pressure,  the  men  generally  felt  immediate 
relief :  and  by  reducing  the  pressure  very  gradually,  the  symptoms  did 
not  reappear  on  reaching  the  atmospheric  pressure.     This  method  of 
treating  the  first  symptoms  of  the  compressed-air  illness,  was  adopted 
from  the  commencement  at  the  Blackwall    Tunnel    with    successful 
results. 

Conelnding  Remarks. — ^The  annular,  steel  shield,  with  its  strong 
cutting  edge  which  excavates  the  material  in  soft  soil  under  hydraulic 
pressure,  and  with  its  transverse  diaphragm  which  can  be  partially  or 
wholly  closed  against  the  influx  of  water,  the  cast-iron  lining  which 
is  gradually  erected  ring  by  ring  under  the  perfect  shelter  of  the 
shield,  af^er  each  adequate  advance  of  the  shield,  and,  finally,  the 
introduction  of  air  under  pressure  into  the  shield  and  jfront  part  of 
the  completed  timnel,  together  constitute  a  system  which  enables 
tunnelling  to  be  accomplished  through  water-bearing  strata,  even  when 
a  river  overhead  is  in  cfirect  contact  in  places  with  the  permeable  strata. 
These  strata  require  in  such  a  case  to  be  partially  closed  and  weighted  with 
a  deposit  of  clay  on  their  surface,  to  check  the  escape  of  the  air  and  the 
disturbance  of  the  strata,  and  to  stop  as  far  as  possible  the  rapid  down- 
ward percolation  of  the  river  water.  The  shield  performs  the  various 
functions,  ot  excavator  at  the  face  with  its  cutting  edge  and  hydraulic 
presses ;  of  protector  of  the  working  chamber  from  flooding  by  its 
transverse  diaphragm,  which  also  regulates  the  ingress  of  excavated 
material  by  variations  in  its  openings  according  to  circumstances  ]  and 
of  timbering  at  its  rear  part,  by  keeping  up  the  excavations  till  the 
lining  has  been  constructed. 


CHAPTER   XIV. 
METROPOLITAN  RAILWAYS. 

ypes  of  Metropolitan  railways — ^IJndergrotiiid  Railways :  two  forms  of 
construction,  differences,  advantages  and  disadvantages  of  the  two 
53rstems  ;  London  Metropolitan  Railway,  description,  methods  of  con- 
struction, diversion  of  sewers,  ventilation,  cost;  Low-level  London  Electric 
Railways,  instances,  methods  of  construction,  advantages,  arrangements 
of  tunneb,  dimensions,  depth,  ventilation,  remarks  ;  Paris  Metropolitan 
Railway,  preliminary  works,  course  and  length,  description,  stations, 
estimated  cost ;  Glasgow  District  Railway,  course,  strata  traversed, 
description,  construction — Overhead  Railways :  two  types  ;  on  brick 
viaducts,  instances,  Berlin  Metropolitan  Railway,  description  and  cost ; 
New  York  and  Brooklyn  Elevated  Railways,  lengths,  different  types  of 
iron  viaducts,  gradients  and  curves,  cost  of  New  York  lines,  modifications 
at  Brooklyn ;  Liverpool  Overhead  Railway,  length,  description,  swing 
and  bascule  bridges,  cost ;  Berlin  Electric  Railway,  description  of  steel 
viaduct,  gradients  and  estimated  cost — Comparison  of  overhead  and 
underground  railways — Widening  Railways :  methods,  retaining  walls 
for  cuttings  and  embankments,  construction,  essential  provisions  for 
retaining  walls. 

When  railways  have  to  be  extended  into  large  cities  for  the  convenience 
of  passengers,  or  when  the  growth  of  a  city  and  the  increase  of  traffic 
afford  scope  for  a  railway  within  the  city  itself,  to  expedite  transit  and 
prevent  the  overcrowding  of  the  streets,  two  distinct  methods  of  con- 
struction can  be  resorted  to,  namely,  overhead  lines  like  the  Charing 
Cross  Railway  from  London  Bridge  Station,  and  the  extension  of  the 
South-Westem  Railway  from  Nine  Elms  to  Waterloo  Bridge  Station, 
*od  underground  lines  like  the  Metropolitan  and  City  railways.  Under- 
pound  railways  avoid  all  interference  with  the  traffic,  by  passing  under- 
^th  the  streets ;  whilst  overhead  railways  have  to  be  raised  sufficiently 
for  the  bridges  by  which  they  cross  over  the  streets,  to  leave  adequate 
headway  under  them  for  the  vehicular  traffic,  and  are  somewhat  un- 
^^htly.  A  special  type  of  above-ground  city  railways  is  carried  on 
slender  pedestals  and  girders  along  the  streets,  at  a  sufficient  elevation 
"ot  to  interfere  with  the  road  traffic,  of  which  the  New  York  Elevated 
^Iway  and  the  Liverpool  Overhead  Railway  are  instances ;  but  such 
'^Iways  are  only  suitable  for  the  strictly  commercial  part  of  a  city,  as  in 
Liverpool,  where  the  convenience  of  a  railway  outweighs  the  obstruction 
^^  presents  in  the  streets,  and  the  discomfort  of  its  noise. 

Q 
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Underground  Railways. 

Underground    railways    have    been  constructed   on   two  different 
principles.     In  the  one  case,  the  railway  is  carried  at  only  a  moderate  j 
depth,  for  the  most  part,  below  the  surface,  so  that  it  can  be  to  a  great 
extent  constructed  on  the  "cut  and  cover"  system ;  the  stations  art 
readily  accessible  from  the  streets,  and  are  generally  in  open  cutting; 
and  tuimelling  is  only  resorted  to  in  places  where  the   ground  rises 
rapidly,  as  exemplified  by  the  Metropolitan  Railway  in  London.    In 
the  other  case,  the  railway  is  formed  in  tunnel  throughout,  at  a  con- 
siderable depth  below  the  surface ;  and  the  stations  are  reached  from 
shafts  in  which  hydraulic  lifts  work,  a  system  adopted  in  the  recent 
underground  lines  constructed  in  London  for  connecting  South  London, 
Waterloo  Station,  and  Central  London  as  far  west  as  Shepherd's  Bush, 
with  the  City. 

Other  important  differences  between  the  two  systems  are,  that  the 
Metropolitan  Railway  forms  connections  at  several  points  with  other 
railways,  and  has  been  hitherto  worked  by  locomotives  which,  though 
specially  constructed,  run  also  over  connecting  lines  outside  the  metro- 
polis; whilst  the  low-level  City  railways  are  quite  independent  lines,  and 
are  worked  by  electricity.  Moreover,  in  constructing  a  railway  under 
a  city  at  a  moderate  depth  below  the  surface,  houses  have  to  be  pulled 
down,  or  their  foundations  underpinned  and  supported,  streets  are 
temporarily  interfered  with,  and  sewers,  water-mains,  and  gas-pipes  have 
to  be  diverted ;  whereas  railways  formed  in  single-line  tunnels  lined  with 
circular  rings,  at  a  good  depth,  avoid  interference  with  the  houses  and 
streets  under  which  they  pass,  except  at  the  shafts,  and  keep  below  the 
level  of  the  sewers.  The  first  system  possesses  the  advantages  of  forming 
very  serviceable  links  with  other  railways,  and  of  having  easily  accessible, 
and,  for  the  most  part,  open-air  stations ;  whilst  the  second  system  has 
the  merit  of  being  constructed  at  a  smaller  cost,  owing  to  the  slight 
extent  to  which  it  interferes  with  the  property  above  it. 

The  low-level  railways  have,  at  the  present  time,  the  important 
sujHiriority  over  the  Metropolitan  Railway  of  not  vitiating  the  atmosphere 
of  the  tunnel  with  smoke,  owing  to  the  traction  being  electrical ;  thou^ 
the  stale  air  in  a  tunnel  situated  at  a  considerable  depth  below  the 
surface,  cannot  be  adequately  changed  without  the  assistance  of  artificial 
ventilation  by  fans.  Nevertheless,  whenever  electrical  traction  is  intro- 
duced on  the  Metropolitan  Railway,  the  condition  of  the  air  in  its 
covered  ways  will  be  notably  better  than  that  in  the  low-level  tunnels, 
on  account  of  the  far  more  open  nature  of  the  railway  near  the  surface. 

London  Metropolitan  Railway. — ^The  line,  which  passes  in  a 
sort  of  irregular,  flattened,  elliptical  course  under  the  most  central 
portion  of  London,  embracing  the  area  comprised  between  the  Towei 
and  Kensington  east  and  west,  and  Regent's  Park  and  Pimlico  nortl 
and  south,  commonly  known  as  the  Underground  or  Inner  Cird< 
Railway,  runs  at  as  uniform  a  depth  as  practicable  below  the  surfaoe 
following  approximately  the  natural  irregularities  of  the  ground,  excep 
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changes  in  level  ire   loo  abrupt,  aad,  consequently,  deep 
JS  and  tunnels  were  adopted,'     The  depth  of  the  rail-level  below  , 
le  sur^e  ranges  from  9  feet  in  shallow  cutting,  up  to   63    feet    in.  J 
louiel;  but  the  depth,  for  the  most  part,  is  comprised  between  15  acdV 
ij  feet.     The  railvfay  rises  to  a  maximum  elevation  of  about  83  feet  1 
»bove  Ordnance  datum  (mean  sea-tevel  at  Liverpool)  at  Edgeware  Road 
Stalion,  and  descends  to  its  lowest  point  of  9  feet  below  the  same  level 
imder  Victoria  Street ;  and  the  steepest  gradients  employed  for  over- 
coming  the  differences  in  level,  are  1  in  70,  i  in  75,  and  i  in  100.     The 
BmiD'ng  radius  of  ^e  curves  on  the  Inner  Circle  is  10  chains;  but  a 
corte  of  6j  chains  radius  had  to  be  inserted  at  the  junction  of  the  Great 
NortttTn  branch. 

The  railway  passes  for  a  considerable  portion  of  its  length  through  J 
covered  ways,  constructed  on  the  "  cut  and  cover  "  principle,  where  there  J 
areitiiceEs  or  very  valuable  property  overhead  (Figs.  130  to  133),  actual  I 


Uinaelling  having  been  resorted  to  only  for  728  yards  under  the  higher 
pW  of  Cleric tn well,  and  for  431  yards  under  Campden  Hill,  where  the 
•tee[jat  gradient  occurs;  and  the  remainder  of  the  line  is  in  open 
culling,  at  ihe  sides  of  which  retaining  walls  take  the  place  of  slopes  to 
economise  land  (Figs,  134  and  135,  p.  228).  In  constructing  the  covered 
Ip,  after  clearing  the  site  where  necessary,  the  timbered  trench  was 
carried  out  in  the  first  portion  of  the  line  to  its  full  width  at  once,  and 
Ihe  requisite  depth,  die  retaining  walls  being  then  built  at  each  side,  and 
finally  the  line  arched  over ;  but  in  the  later  portions,  the  side  walls 
•tte  each  built  in  a  timbered  trench,  6  feet  in  width,  and  carried  up  to 
4  feet  above  the  springing,  after  which  the  excavation  was  completed 
l6  the  full  width  down  to  the  springing,  the  centering  erected,  the  arch 
tumedi^nd  finally  Ihe  central  mass  of  earth  was  excavated  10  the  full 
Where  the  depth  of  tile  railway  below  the  surface  was 
with  a  good  rise  was  used  for  tlie  covering  (Fig.  13; " 
Pntitiinp  /lut.  C.£.,  vol.  Uxxi,  p.  t,  uid  pl«tc  I, 


Ull  1 

I 


;  places,  shallow  iron  girdere,  6  to  8  feet  ap«n,  supponini 
.  arches  between  them,  had  to  be  adopted  (o  ptondeltel 


SUiWDRY   WORKS   ON  METROPOLITAN  RAILWAY.    229 

tt)e  Thames  Embankment  was  built  simultaneously  with  the  embank- 
inent ;  but  in  other  places,  where  the  railway  runs  under  streets,  the 
I'oadway  had  to  be  maintained  during  the  progress  of  the  works  under- 
neath them,  by  means  of  timber  balks  stretching  across  the  excavations, 
on  which  timber  planking  was  laid  (Fig.  133).  Care  also  had  to  be 
taken  to  avoid  c^turbing  adjacent  buildings,  by  carrying  out  the 
excavations  in  short  lengths,  and  following  on  as  quickly  as  possible  with 
the  side  walls  and  aich,  and  by  underpinning  the  foundations  in  certain 
cases.  Recesses  were  formed  in  the  side  walls  of  the  covered  ways  at 
intervals  of  30  feet,  as  shelters  for  workmen  during  the  passage  of  a 
train,  a  system  commonly  resorted  to  in  tunnels  and  on  >'iaducts  where 
the  dear  space  at  the  sides  is  small. 

At  the  sides  of  the  open  cuttings,  provided  where  the  railway  comes 
near  the  surface  away  from  streets,  and  the  cost  of  land  is  not  exces- 
sive, retaining  walls  of  brickwork  and  concrete  were  built,  with  piers 
3  feet  wide  and  recesses  of  8  feet,  having  a  batter  on  the  face  of  i  in  8, 
and  a  thickness  at  the  base,  5  feet  below  rail-level,  of  about  two-fifths  of 
their  height  (Fig.  134).     Where  the  depth  of  the  cutting  is  considerable, 
<HK  or  two  rows  of  cast-iron  struts,  or  narrow  brick  arches  at  intervals, 
have  been  introduced,  enabling  the  thickness  of  the  retaining  walls  to 
be  reduced  (Fig.  135). 

The  sewers  interfered  with  by  the  railway,  were  in  some  cases 
carried  over  the  line  in  cast-iron  tubes  or  pipes  supported  by  girders ; 
and  in  other  cases,  the  sewers  were  gradually  lowered  from  some 
distance  back,  and  carried  under  the  line  in  a  brick  channel  with  an 
iron  top;  whilst  occasionally  new  sewers  were  constructed  along  the 
covered  way,  to  replace  the  intersected  sewers.  Gas-pijxjs  and  water- 
mains  have  been  generally  carried  across  the  line  in  iron  troughs. 

Openings  have  been  provided  at  the  sides  of  the  underground 
stations,  and  also  in  some  streets,  for  the  escape  of  the  noxious  snioku 
emitted  by  the  locomotives ;  but  objections  were  raised  against  a  i:on- 
siderable  increase  in  the  number  of  openings  in  the  streets  under  which 
tbe  railway  runs ;  and  the  working  of  some  ventilating  fans  was  put  a  >top 
to,  on  account  of  the  vibrations  produced  by  them.  Accordingly,  the 
<^y  available  means  of  improving  the  condition  of  the  air  in  the 
<^vered  ways  and  tunnels  of  the  Metropolitan  Railway,  ajjpears  to  be  the 
adoption  of  electrical  traction  for  the  underground  portions  of  the  line. 

The  cost  of  the  works  alone  of  this  railway  apj^ears  to  have  amounted, 
On  the  average,  to  nearly  ^^200,000  per  mile  of  double  line ;  but  the 
total  cost  was  very  largely  augmented  by  expenditure  on  land,  financial 
^tongements,  and  various  special  items.' 

Low-level  London  Electric  Railways.-  >The  underground 
railways  recently  constructed  and  projected  in  London,  have  been  all 
designed  as  electric  railways,  carried  at  a  sutticient  de[)th  below  the 
"surface  to  avoid  interference  with  streets,  buildings,  and  sewers,  being 
♦Constructed  in  tunnel  advanced  by  aid  of  a  shield  with  a  rutting  edge 
pushed  forward  by  hydraulic  presses,  and  lined  with  circular  cast-iron 

'  Pr&ceciimgs  Inst.  C.K.^  vol.  Ixxxi.  p.  Jo. 
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rings,  on  precisely  the  same  principle  as  was  adopted  in  the  construction 
of  Sic  Blackwall  and  other  subaqueous  tubular  tunnels  described  in  the 
last  dnpter.     The  City  and  South  London  Rail^'ay,  connecting  Stod- 
well  with  the  City  at  King  William  Street,  opened  in  1890,  was  the  fiist 
railway  of  this  type ;  and  it  has  been  followed  by  the  Waterloo  and  City 
Railway,  opened  in  1898 ;  the  Central  London  Railway  running  from 
Shepherd's  Bush  under  the  Uxbridge  and  Bayswater  Roads,  Oxford 
Street,  Holbom,  Newgate  Street,  and  Cheapside,  to  the  Bank,  opened 
in  1900,  with  a  proposed  extension  to  Liverpool  Street  Station;  and 
the  Baker  Street  and  Waterloo  Railway  running  under  Portland  Place, 
Regent  Street,  the  Ha>-market,  and  Northumberland  Avenue.    Three 
of  these  railways,  in  connecting  South  London  and  Waterloo  Station 
with  the  northern  part  of  London,  have  to  pass  under  the  Thames, 
near  London  Bridge,  Blackfriars  Bridge,  and  Charing  Cross  Bridge, 
respectively ;  but  as  these  subaqueous  tunnels  have  been  carried  through 
the  London  clay  underl}'ing  the  bed  of  the  river,  their  construction  has 
presented  no  difficult}-  in  comparison  with  the  portions  of  the  tunnels 
traversing  the  gravel  beds,  charged  with  water  and  resembling  sub- 
terranean rivers,  which  are  met  with  in  places  at  some  depth  under 
London,  covering  depressions  in  the  London  Clay,  where  it  A^-as  neces- 
sar>'  to  have  recourse  to  compressed  air  for  carrying  forward  the  tunnel. 
By  constructing  these  low-level  lines  almost  wholly  imder  streets,  the 
danger  of  any  settlement  of  buildings  and  interference  with  the  under- 
ground rights  of  private  owners  of  property  are  avoided  as  far  as 
possible ;  whilst  the  stations  are  thereby  very  conveniently  situated 
alongside  the  main  thoroughfares  of  traffic,  which  the  railway  accommo- 
dates and  relieves. 

Serious  vibrations,  however,  have  been  experienced  from  the 
Central  Railway,  resulting  to  a  great  extent  from  the  sleepers  having 
been  laid  upon  the  tubes  without  the  intervention  of  ballast,  as  well  as 
the  heavy  motors  employed. 

Though  the  use  of  temporary  shafts  in  the  roads  has  been  practically 
given  up  in  the  interests  of  the  traffic  and  the  owners  of  property  along 
the  route,  the  lift  shafts  at  the  side  of  the  stations,  situated  on  acquired 
land  adjoining  the  street,  which  have  to  serve  during  the  construction  of 
the  line  for  the  removal  of  the  excavations  and  the  supply  of  materials, 
are  verj-  well  placed  for  cartage.     A  temporary  shaft  was  sunk  in  the 
river-bed,  on  the  line  of  the  crossing  under  the  river,  of  both  the  City 
and  South  London  Railway  and  the  Baker  Street  and  Waterloo  Railway, 
tv)  facilitate  the  removal  of  the  excavations  by  means  of  river  barges, 
instead  of  by  carts  through  crowded  thoroughfares. 

The  up  and  down  lines  of  these  low-level  railways  have  been  placed 
in  separate  tunnels,  owing  to  certain  advantages  which  this  system 
at^'ords.^  Thus  the  ventilation  of  an  undergroimd  line,  which  can  have 
nv>  communication  with  the  outer  air  except  at  the  stations,  is  promoted 
by  the  train  acting  like  a  sort  of  piston,  and  driving  the  air  before  it  in 
a  single  tuimel :  the  space  occupied  by  the  railway  can  be  reduced  by 

*  Proceedings  Inst.  C.E,t  vol.  cxxiii.  p.  46. 
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nmning  one  tunnel  above  the  other  under  a  narrow  street,  where  other- 
m  the  rights  of  property  at  the  sides  would  have  to  be  encroached 
upon;  and  two  nnall  tunnels  can  be  constructed  with  greater  safety, 
■oce  cbea[riy,  and  with  less  excavation,  than  a  tunnel  for  a  double  line. 
Moreover,  with  a  single-line  tunnel,  a  dip  can  be  given  to  the  line 
bOireen  the  stations,  with  gradients  adjusted  to  suit  the  load,  so  as  to 
diminish  the  cost  and  increase  the  speed  of  working  the  trains,  as 
(ftcted  on  the  City  and  South  London  Railway,  where  the  descending 
gndient  on  leaving  a  station  is  i  in  30,  followed  by  an  ascending 
gradient  of  i  in  100  on  approaching  the  next  station. 

The  cast-iron  tube  forming  each  single-line  tunnel  of  the  City  and 
Soolh  London  Railway,  has  an  inside  diameter  of  loi  feet  in  one  part, 
ind  jo\  feet  in  the  remainder,  each  ring  having  a  length  of  19  and 
10  inches  respectively  (Fig.  136);  whilst  the  rings  of  the  tube  of  the 
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W'aierloo  and  City  Railway  have  inside  diameters  of  12^  and  tij  feet, 
and  a  length  of  3o  inches.  Compressed  air  has  been  resorted  to  when, 
on  approaching  a  stratum  of  gravel,  the  thickness  of  clay  above  the 
tunnel  is  reduced  to  about  5  feet ;  and  tlie  most  troublesome  water- 
bearing stratum  is  generally  found  in  the  coarse  gravel  lying  directly  on 
(he  top  of  the  London  Clay.  One  of  the  air-locks,  construclcd  with  a 
lining  of  brickwork  and  concrete,  and  iron  doors,  for  proceeding  with 
compressed  air  in  tunnelling  through  gravel  and  sand  for  the  City  and 
South  London  Railway,  is  shown  in  Fig.  137  ;  and  these  brick  air-locks 
are  found  preferable  for  the  men  to  air-locks  with  plate-iron  sides,  owing 
to  their  preserving  a  more  equable  temperature.'    The  maximum  depth 

'  Pncialingt  Init.  C.E.,  vol.  cwtiii.  plate  a. 
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below  tlM  TaUT-Jerel  of  tbe  sabaqneoas  portion  of  tbe  Gty  utd  South 
LondoD  Xasai^  is  75  feet,  and  of  the  Watciloo  utd  City  tunnels,  61  feet. 
The  nte  of  progics  on  the  Ci^  and  Sooth  Lmidon  Rulway  leached 
eramiiUy  x  iimiiumii  of  16  feet  pa  day  at  each  face,  and  80  teet  pel 
week  for  seretal  weeks  id  saoccssi<Mi.  Tbe  segments  of  the  rings  of 
the  tunnds  of  this  laihray,  weighing  only  4^  cwts.,  could  be  ra^y 


raised  and  put  in  place  by  ^x  men.  The  stations  are  situated  in  brick 
tunnels  of  larger  dimensions  to  give  space  for  the  platform,  which  were 
constructed  by  the  aid  of  strong  timbering  in  the  ordinary  manner. 
Hydraulic  lifts  are  pbced  in  the  shafts,  35  feet  in  diameter,  comtnuni- 
caiing  with  the  stations,  for  the  conveyance  of  passengers  between  the 
station  and  the  street,  the  difference  in  lei"el  being  between  51  and 
65  feet.  The  ventibtion  of  the  railway  is  effected  through  the  stations 
and  shafts  :  and  in  order  to  reduce  the  resistance  offered  by  the  air  t( 
the  passage  of  a  train  in  a  confined  space,  and  the  rush  of  air  int( 
a  station  produced  by  an  approaching  train  under  such  circumstances 
conneclinj:  jiassages  have  been  provided  in  places  between  the  twi 
tunnels.     These  works  cost  about  ^~;;o.oco  per  mite. 

These  low-levfl  tunnels  preserve  a  \en-  uniform  temperature  through 
out  the  year,  and  appear  to  be  little  affected  by  the  fogs  above  ground 
The  railways  of  this  tyi>e  already  aulhorired  or  projected  within  Liandon 
afford  a  prospect  of  ample  means  of  transit  underground  across  certaii 
portions  of  the  metropolis  :  but  they  cannot  serve,  like  the  Metropoliiai 
Railway,  as  a  means  of  intercommunication  between  the  different  line 
of  railway  coming  into  London. 

Paris  Metropolitan  Railway.— Though  various  schemes  hav 
been  brought  forward  from  lime  to  time  for  the  construction  of  undei 
ground  and  overhead  railways  in  Paris,  it  was  only  early  in  1898  that . 
circular  railway  following  the  lines  of  the  outer  boulevards,  and  fiv' 
cross  railways,  also  keeping  to  the  lines  of  the  boulevards  and  streets 
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proposed  by  the  municipality,  were  authorized.^  In  the  same  year,  pre- 
nminary  works  were  commenced  for  canying  out  the  raUway  running 
cast  and  west  across  Paris,  which  comprised  the  diversion  of  sewers  and 
nater-mains,  and  the  construction  of  four  imderground  galleries  leading 
from  the  line  of  the  railway  to  the  Seine,  to  enable  the  excavations  to 
be  removed  and  materials  brought  up  by  river.^  The  first  portion  of 
die  scheme  undertaken,  opened  in  1900,  consists  of  the  railway  crossing 
Paris  from  the  Dauphine  gate  to  the  Vinceimes  gate,  imder  the  Champs 
lllys^s,  the  rue  de  Rivoli,  and  the  Boulevard  Diderot,  which  runs  under- 
ground along  its  whole  length  of  nearly  7  miles  (Fig.  138).     The  circular 


COVERED  WAY  UNDER  8TREETa 
Rg.  138.— Paris  Metropolitan  Railway. 
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''^ilway  to  be  constructed  next,  is  of  a  mixed  type,  partly  in  tunnel  or 

^ver«i  way,  partly  in  op>en  cutting,  and  partly  on  viaducts,  crossing  over 

^  Seine  twice;  and  its  length  is  13^  miles,  exclusive  of  the  portion 

*Wch  it  shares  with  the  first  railway.     Including  the  four  other  cross 

'Jiilways  to  be  subsequently  constructed,  the  total  length  of  the  proposed 

•^es  amounts  to  39  miles,  of  which  25  miles  will  be  underground,  yi 

jniles  in  open  cutting  with  retaining  walls  and  invert,  and  6^  miles  on 

^n  viaducts.     These  double  lines  are  to  be  laid  to  the  standard  gauge 

^  4  feet  8^  inches  throughout,  so  that  the  carriages  running  over  them 

*ill  be  able  to  go  on  to  the  railways  they  join ;  but  the  available  width 

provided  of  only  20j  feet  in  the  covered  ways  and  open  cuttings,  will  be 

^  narrow  to  admit  the  rolling-stock  of  the  ordinary  railways  on  these 

'"ies.    A  gradient  of  i  in  25  is  proposed  in  rising  to  cross  the  Seine, 

^  dipping  down  to  go  under  the  St.  Martin  Canal,  but  elsewhere  the 

gradients  will  be  flatter ;  and  curves  of  3 J  chains  are  to  be  introduced 

at  the  sharpest  turns  in  passing  from  the  line  of  one  street  to  another. 

•  I^  GinU  Civily  vol.  xxx.  p.  329,  and  vol.  xxxii.  p.  382. 
'  Ibid.^  vol.  xxxiii.  p.  405,  and  plate  26. 
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There  are  to  be  one  hundred  and  twenty-diree  stations  on  tbne 
railways,  of  which  about  seventy  will  be  underground ;  and  their  avenge 
distance  apart  will  be  about  a  third  of  a  mile,  closer  together  than  the 
stations  on  the  London  Inner  Circle  and  Central  railways,  which  ue 
on  the  average  about  half  a  mile  apart  The  estimated  cost  of  the 
works  for  these  railways,  undertaken  by  the  municipality,  is  aboot 
;^  168,000  per  mile ;  but  including  the  cost  of  the  plant  for  working 
them  by  electricity,  and  the  rolUng-stock,  the  estimated  expenditure 
amounts  tO;^zo4,ooo  per  mile. 

Glasgow  District  Railway. — The  underground  railway  irtikh 
traverses  Gla^ow  in  a  sort  of  elliptical  course,  of  which  the  Rirer 
Clyde,  which  it  passes  under  twice,  forms  approximately  its  major  axis, 
was  opened  in  December,  1896 ;  and  its  length  is  about  6^  miles.  It 
runs  under  streets  for  a  considerable  portion  of  its  length,  and  was 
formed  through  rock,  shale,  sandstone,  clay,  and  sand,  and  in  sand, 
rock,  and  mud  at  one  of  the  river  crossings,  and  in  sand  at  the  other.* 
Two  circular  tunnels,  11  feet  inside  diameter,  and  fromt  2^  to  6  feet 
apart,  have  been  constructed  for  the  up  and  down  lines,  laid  to  a  gauge 
of  4  feet  (Fig.  139),  except  at  the  stations,  where  the  railway  is  covered 
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liy  a  sinnle  arch,  or  is  in  open  cutting  with  retaining  walls,  a  central 
platform  serving  both  lines  (Fig.  140).  The  railway  has  been  so  laid 
mil  llmt  all  llie  stations  are  at  a  depth  of  only  so  to  30  feet  below  die 
surface,  with  rising  gradients  generally  to  them  on  both  sides,  whidi 
tiiciliiatc  the  starting  and  stopping  of  the  trains.    There  are  gradients  of 
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I  in  20  and  i  in  23  in  dipping  under  the  Clyde,  but  they  are  elsewhere 
for  the  most  part  much  flatter;  and  the  sharpest  curves  are  10  chains 
ndius.  The  covered  ways  or  tunnels  were  formed  in  some  places,  near 
tire  surface,  by  cut  and  cover  (Fig.  139) ;  by  tunnelling  in  the  ordinary 
manner,  and  lining  with  brick,  through  rock  (Fig.  140)  and  other  softer 
impervious  strata,  where  settlement  was  unlikely  or  of  comparatively 
little  consequence ;  with  cast-iron  rings  by  the  aid  of  a  shield  through 
impervious  material,  where  settlement  had  to  be  guarded  against ;  and 
with  tube,  shield,  and  compressed  air,  through  water-bearing  strata  at 
some  depth  below  the  surface,  a  maximum  pressure  of  23  to  30  lbs. 
on  the  square  inch  having  been  required  under  the  Clyde,  55  feet 
bdow  high  water.  The  trains  are  drawn  by  a  steel  cable  in  each  tunnel, 
ataspe^  of  about  16  miles  an  hour.  The  stations  are  between  half 
and  a  third  of  a  mile  apart  on  the  average ;  and  the  two  lines  at  these 
places  came  under  a  single  arch,  and  are  both  served  by  a  central 
platfonn  (Fig.  140). 


Overhead  Railways. 

There  are  two  distinct  types  of  overhead  railways,  namely,  railways 
which  are  carried  through  a  city  on  a  low  brick  viaduct,  crossing  over 
fhe  streets  as  nearly  at  right  angles  as  practicable,  on  arched  bridges  or 
^  girders  affording  just  the  requisite  headway ;  and  secondly,  elevated 
liilways,  which  run  along  a  line  of  streets  on  girders  supported  by  iron 
Pfflare  erected  on  the  roadway.  In  the  first  case,  the  brick  viaduct,  in 
phoe  of  an  embankment  with  slopes,  reduces  the  width  of  the  strip  of 
l^nd  required  for  a  railway  to  a  minimum ;  and  the  space  under  the 
*wiies  is  serviceable  for  storing  goods.  The  second  system  dispenses 
^th  the  purchase  of  costly  land  by  making  use  of  the  public  roadway, 
wterfering  to  some  extent  with  the  convenience  of  the  traffic  along  the 
streets  traversed ;  whilst  it  entirely  disregards  the  interests  of  owners  of 
'residential  property,  or  business  premises,  in  the  streets  along  which  the 
Novated  railway  passes. 

Bailways  on  Brick  Viaducts. — The  Greenwich  line,  the  first 
'^Iway  brought  into  London,  is  carried  on  a  brick  viaduct  throughout, 
Ws  form  of  construction  having  been  probably  adopted,  in  that  early 
Period  of  railway  enterprise,  quite  as  much  on  account  of  there  being  no 
^ttings  along  the  line  to  furnish  earthwork  for  a  long  embankment 
cross  the  low-lying  land  between  Greenwich  and  London,  and  to  ensure 
ipidity  of  construction,  as  to  reduce  the  expenditure  on  land  and  avoid 
iverance  of  property.  This  system,  however,  ])ossesses  such  obvious 
^vantages  in  populous  districts,  that  the  railways  penetrating  into 
mtral  London  from  the  south  and  east,  have  naturally  been  constructed 
I  this  way,  as  well  exemplified  by  the  metropolitan  portions  of  the 
)uth-Westem  (Fig.  141),  the  London  and  Brighton,  the  Chatham  and 
over,  the  South-Eastem,  and  the  Great  Kastern  railways.  When, 
deed,  in  1864,  powers  were  sought  for  the  extension  of  the  Metro- 
)litan  Railway,  opposing  schemes  of  open-air  railways  on  viaducts 
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were  brought  forward  as  the  natural  altematiTe  to  imdeiground  railways; 
but  the  Metropolitan  District  Railway  was  preferred  by  Parliament  to 
the  overhead  railways  proposed,  mainly  oa  account  of  the  Deurly 
complete  connection  thereby  afforded  between  most  of  the  terminal 
stations  in  London,  and  also  owing  to  the  tmdeiground  line  avoiding 
interference  with  buildings  and  streets. 

The  Berlin  MetropcSitan  Railway,  constructed  in  1879-82  across 
the  city  for  7^  miles  east  and  west,  with  four  lines  of  way  to  keep  the 
local  and  fast  throwrh  tratnc  distinct,  as  it  connects  the  principal  nulway 
termini,  is  an  overhead  line  for  its  whole  length,  raised  about  18  feet 
above  the  ground  ;  for  the  Ri\'er  Spree,  which  flows  through  the  city,  was 
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considcTod  A\  iho  lime  to  prtvJude  the  construction  of  an  undergroun 
railway.     Fhi'  railway  is  carrit\3  on  a  brick  viaduct  for  nearly  5  miles  ^ 
on  a  viaduct  with  an  iron  sujvrstruciure  for  i-^  miles ;  atKi  outside  th*^ 
city,  on  ombanknii  nts,  supyoried  in  places  by  retaining  walls,  for  th^ 
remainder  of  its  length. ^     Then-  are  ciin-es  of  14  to  25  chains  radiu^ 
on  the  line :  Init  the  worst  gradient  does  not  exceed  r  in  125,  for  th^ 
extreme   variation  in  level  alone  the  whole  course  is  under  12  feet. 
Assuming;  that  the  four  lines  make  the  raiU"ay  equivalent  to  a  double 
line  of  iN^'.ce  the  lenizth.  its  cost  amounted  to  about  j^r  14,000  per  mile 
of  douMe  line. 

New  York  and  Brooklyn  Elevated  Railways. — An  elevated 
sincle-]ir.e  railway  vMrritxi  on  an  iron  \-iaduct  for  three  miles  along  a 
street,  the  girders  being  sui^ponc-d  by  a  single  row  of  iron  columns 
widened  out  at  the  top.  was  opened  in  New  York  in  1867,  and  worked 
by  a  wire  viable,  with  the  object  of  facilitating  and  evpeditir^  communi- 
caiion  be t«  t-c-n  the  southern,  business  part  of  the  city  and  the  nordiem 
portion  o\  Manhattan  Island,  which  has  a  length  of  13  miles  north  and 
south,  and  an  average  width  of  only  2  miles.     A  few  years  later,  this 

*  /r:::chnf:jitr  Ba»f?nefen^  vol.  xxu\.  and  yip.  I,  1 13,  and  225. 
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system  of  elevated  railways  was  gradually  extended  for  a  double  line 
along  some  of  the  streets  of  New  York ;  and  there  are  now  36  miles  of 
these  railways  on  the  island,  worked  by  locomotives.  The  construction 
of  similar  raulways  was  commenced  in  Brooklyn  in  1879,  and  about  28^ 
miles  of  lines  have  been  carried  out ;  whilst  26  miles  of  elevated 
railways  have  been  established  in  Chicago. 

Three  types  of  viaduct  have  been  constructed  in  New  York,  accord- 
ing to  the  width  and  traffic  of  the  streets  traversed,  and  the  character  of 
the  adjacent  buildings,  the  supporting  columns  being  placed  along  the 
street  at  intervals  of  from  37  to  44  feet.*    Where  the  roadway  is  wide 
and  has  too  large  a  traffic  to  admit  of  supports  being  placed  in  it,  and 
proximity  to  the  buildings  alongside  the  street  is  of  no  consequence, 
the  columns  have  been  erected  in  a  single  row  along  the  curb  of  the 
pavement  on  each  side,  being  widened  out  at  the  top  to  receive  the 
longitudinal  girders,  laid  5   feet  apart  centre  to  centre  (Fig.   142). 
Wiere  it  is  important  to  place  the  railway  as  far  away  from  the  buildings 
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as  possible,  and  yet  the  traffic  is  too  great  to  put  the  supports  in  the 
roadway,  the  columns  have  been  erected  along  each  curb,  as  in  the  first 
case,  but  are  connected  by  transverse  girders,  28  to  45  feet  long,  which 
carry  the  ends  of  the  four  main  girders  supporting  the  two  lines,  as 
nearly  in  the  centre  of  their  span  as  practicable  (Fig.  144,  p.  238).  Lastly, 
vhen  the  roadway  is  wide  enough,  and  the  traffic  moderate,  the  columns, 
Rridened  out  at  the  top,  have  been  placed  in  a  double  row  in  the  road- 
jiray,  and  connected  in  pairs  by  arched  or  lattice  bracing,  a  clear  width 
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of  33  feet  being  left  between  the  rows  to  allow  of  two  tiamwa;  line 
running  between  them  (Pig.  143). 

Tbe  gradients  of  the  railway  confonn  as  nearly  as  practicable  to  tl 
varying  inclination  of  the  street,  except  where  frequent  changes  of  lev< 
or  steep  inclinations  render  a  modification  expedient,  a  minimum  hea 
vayof  i4y  feet  being  always  provided  under  the  girders  for  the  vebicl 
posung  below.  The  steepest  gradient  on  the  line  is  i  in  50 ;  and  1 
sharpest  curve  has  a  radius  of  90  feet.  The  height  of  the  colan 
ranges  generally  only  between  18  and  21  feet  when  they  are  in  ani 
row ;  where  hif^ier  columns  are  required,  the  columns  of  the  two  ni 
are  connected  across  the  street;  and  where  in  one  place  the  gn 
height  of  65  feet  is  reached,  the  columns  arc  braced  together  in  grou 
of  four.    Guard  timbers  are  fixed  on  both  sides  of  every  rail,  an 
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Fig.  M4.— Column*  on  Foatfwtht  with  TnntvarM  Qlnlan. 
N*w  Yaric. 


4  inches  from  each  edge  of  die  rail,  to  secure  the  train  from  running 
Ihc  viaduct  in  the  event  of  its  leaving  the  rails. 

The  cosl  of  the  New  YoTk  Elevated  Railways  was  ;£7i,50o  per  n 
lor  Ihe  works,  and^83,5oo  per  mile  including  the  rolling-stock,  noth 
having  been  paid  for  the  space  occupied  on  the  roadway  by  the  coluni 
and  no  compensation  having  been  given  to  the  owners  of  hou 
along  the  streets  traversed,  for  the  deterioration  in  value  resulting  fr 
tne  loss  of  pnvacy  and  the  noise.     The  line  is  worked  by  heavy  bq 
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locomotives ;  and  the  stations,  placed  generally  at  the  intersection  of 
the  streets,  are  about  \  mile  apart. 

The  Brooklyn  Elevated  Railways  resemble  the  New  York  lines  in 

being  carried  along  the  streets  on  iron  columns  and  girders,  and  in 

following  approximately  the  inclinations  of  the  ground,  leaving  a  clear 

headway  for  the  traffic  below  of   14   feet;   but  the    chief  type    of 

construction  consists    of   columns    placed  along    the    edge    of    the 

footpaths,  supporting  transverse  girders,  usually  from  35  to  45  feet 

long,  which  carry  the  longitudinal  girders  on  which  the  railway  runs 

(Fig.  144),  only  about  one^ixth  of  the  lines  being  carried  on  columns 

inie  roadway,  braced  together  in  pairs  *  (Fig.  143,  p.  237).    Plate  girders 

also  have  been  introduced  in  the  most  recent  portions,  on  account  of 

their  being  as  economical  as  lattice  girders  for  short  spans,  and  more 

convenient     The  steepest  gradient  is  i  in  50,  as  in  New  York ;  and 

the  sharpest  ciurve,  in  turning  round  a  right  angle  to  pass  from  one 

street  into  another,  has  a  radius  of  100  feet.     The  line  is  worked  by 

locomotives ;  and  the  stations  are  about  \  mile  apart,  as  in  New  York. 

Liyerpool  Overliead  Railway. — The  double  line  of  railway 

ninning  along  the  dock  road  passing  at  the  back  of  the  Liverpool 

Docks  throughout  their  whole  length,  is  about  (i\  miles  long,  exclusive 

of  the  southern  extensions  mostly  in  tunnel ;  and  it  is  carried  on  an 

iron  viaduct,  consisting  of  two  main  girders,  22  feet  apart,  with  a 

flooring  of  arched  plates  and  T  irons  between  them  (Fig.  147,  p.  240), 

^pported  by  pairs  of  steel  columns  underneath  them,  at  intervals  of 

about  50  feet,  composed  of  two  channel-irons  joined  by  a  plate  on 

^  side,  forming  a  box-shaped  pillar  which  rests  upon  a  block  of 

<^ncrete  in  made  ground,  so  that  the  maximum  load  at  the  base  does 

^t  exceed  one  ton  per  square  foot.^    The  pairs  of  columns  leave  a 

^ear  width  between  them  of  2 1  feet  for  the  passage  of  two  lines  of  dock 

railway;  and  a  clear  headway  of  14  feet  is  afforded  under  the  bracing 

between  the  pairs  of  columns,  and  16  feet  elsewhere  for  cross  traffic 

'^er  the  railway  (Fig.  145  and  147).     The  spans  of  the  main  girders, 

^hich  are  ordinarily  50  feet,  had  to  be  modified  in  several  places,  to 

avoid  interference  with  rights  of  way  and  property,  to  spans  varying 

from  30  feet  up  to  98  feet;   and  plate  girders  were  adopted  up  to 

75  feet  span,  and  bowstring  girders  for  the  larger  spans. 

Except  where  the  railway  has  to  dip  under  a  coal  siding  with  a 
short  gradient  of  i  in  40,  the  gradients  are  easy ;  whilst  the  sharpest 
curve  has  a  radius  of  7  chains.  A  swing  bridge  with  a  double  floor  has 
'^  provided  across  the  entrance  to  the  Stanley  Dock,  for  the  passage 
^^  the  dock  railway  underneath,  and  the  overhead  railway  above 
pig.  146).  Three  bascule  bridges  have  been  erected  on  the  railway, 
^ving  a  bascule  portion  33^  feet  long,  and  a  counterpoised  tail-end  of 
Hj  feet,  which  are  turned  on  a  horizontal  pivot  into  ail  almost  vertical 
I^ition  when  large  boilers  or  other  high  loads  have  to  be  taken  across 
^e  line  (Fig.  145).     The  railway  is  worked  by  electricity  passing  along 

'  Proceedings  Just,  C.E.^  vol.  cxxvii.  p.  333,  and  plate  8. 
'  Jbid,^  vol.  cxvii.  p.  54,  and  plate  4. 
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a  steel  bar  conductor  laid  between  the  rails,  a  system  (tf  traction  «lv^ 
has  pro>'ed  economical  for  the  moderate  and  fairly  imtfonn  loads  cuiied 

OVERHEAD  RAILWAY,   LIVERPOOL. 
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by  the  trains  running  ai  short  intonals  ajan ;  and  the  dgnals  also  w 
operated  by  electriciiy,  being  raised  oi  lowered  automatically  by  tin 
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J  of  the  trains.    The  average  distance  between  the  staiions  is 
■  IS  of  a  mile;  and  the  railway  was  opened  in  1893  for  a  length 
Ptniles,  which   length    has   since   been    increased  to    7   miles    by 
Biona  at  both  ends. 
■file  actual  cost  of  construction,  including  the  stations,  was  ^63,600 
per  mile  ;  but  adding  to  this  the  expenditure  on  electric  plant,  rolling- 
Mock,  alterations  of  the  dock  railway  and  roads  underneath  the  railway, 
puliamentary    proceedings,    and  other  items,  the    total  cost  must  be 
I  redtoned  at  ;^94,ooo  per  mile. 

Berlin  Electric  Railway.— The  elevated  railway  in  course  of 
[  OOnatmction  in  Berlin,  is  very  similar  to  the  Liverpool  overhead  line, 
■ith  the  exception  that  the  columns  of  each  pair  are  only  11^  feet 
»pan  centre  lo  centre,  instead  of  %z  feet,  so  that  the  superstructure  has 
^tai,  made  lo  overhang  its  supports,  on  each  side  of  the  line  of 
columns,  sutliciently  to  afford  a  width  of  aj  feet  between  the  side 
aili:^.'  This  rtiilway  consists  of  a  double  line,  6j  miles  long,  carried 
*lon^  the  streets  on  a  steel  viaduct  liaving  a  watertight  floor,  at  an 
s'emioa  of  about  18  feet,  and  leaving  a  headway  of  15  feet  underneath 
i^^%.  148).     The  supporting   columns,  braced   together  in    pairs,  are 
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along  the  roadway  at  intervals  of  54  feet ;  and,  as  in  Liverpool, 

yw  lines  are  laid  to  the  ordinary  gauge,  and  the  iron  electric  conductor 
'*  liid  centrally  between  the  rails  of  each  line.  The  steepest  gradient 
'^  fte  line  is  i  in  38  ;  and  the  maximum  speed  of  the  trains  has  been 
fixed  at  31  miles  an  hour. 

The  cost  of  this  dovated  railway  has  been  estimated  at  ^^108, 800 
per  mile. 

OompariBon  of  Overhead  and  Underground  Railways. — 
'■>  (wo  respects  elevated  railways  possess  decided  advantages  ove 
■^deipound  lines,  namely,  the  provision  of  an  open-air  journey  for  the 

Ton  Siemen),  ami   IInLtkc."  F.  B 
^^1-  P-  73a;    and  EitgiHenini 
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passengers,  and  their  much  smaller  cost.  On  the  other  ban 
elevated  railway  in  a  street,  though  relieving  the  traffic,  is  som 
of  a  nuisance  to  the  public  using  the  street,  and  very  objectiona' 
(xxrupiers  of  business  or  residential  houses  alongside,  even  where  e 
traction  and  a  watertight  floor  are  adopted,  as  in  Liverpool  and  ] 
instead  of  locomotives  and  open  flooring,  causing  smoke  and  nois 
the  dropping  of  water  and  cinders  on  the  roadway  below,  as  it 
York  and  Brookhn. 

Electric  traction  should  evidently  be  introduced  on  all  elevate 
running  over  streets,  and  underground  lines ;  whilst  tubular,  lov 
underground  lines,  such  as  those  constructed  in  London  and  Gl 
avoid  as  far  as  possible  interference  with  streets,  sewers,  and 
proix.*rty,  and  appear  more  consistent  with  the  preservation  of  ] 
rights  and  the  interests  and  convenience  of  the  public,  than  ov 
railways  running  along  streets,  except  under  such  special  conditi 
the  road  alongside  the  Liverpool  docks.  The  much  smaller  ( 
ele\-ated  railways,  by  avoiding  to  a  great  extent  the  purchase  c 
valiuble  land,  is,  indeed,  an  important  consideration  in  favour  o 
extension  in  preference  to  underground  lines ;  but  due  regard  f 
general  i>ublic  advantage  seems  to  dictate  keeping  the  railw*ays 
tlio  streets,  and  putting  them  underground,  except  where  exce] 
circumstances  preclude  the  construction  of  underground  works. 

Widening  Railways. 

The  increase  of  traffic,  especially  of  a  local  character,  on  railw 
iIk*  neighbourhood  of  large  cities  with  rapidly  increasing  suburt 
nocessitated  in  several  cases  the  doubling  of  the  lines,  as  for  instanc 
of  the  main  lines  ruiming  into  London  and  some  of  the  Paris  rail 

\Mien  the  railway  is  on  a  brick  viaduct,  the  widening  can  oi 
effecled  by  purchasing  a  strip  of  land  alongside  of  the  requisite 
and  building  an  additional  wdth  of  viaduct  on  to  the  old  worli 
being  taken  to  go  down  to  a  good  foundation,  so  as  to  secure  th 
work  from  settling  down,  away  from  the  old,  when  the  weigt 
vibration  of  the  trains  come  upon  it. 

Where  a  railway  just  outside  the  metropolis,  or  in  passing 
bouring  towns,  was  originally  constructed  with  cuttings  and  en 
ments  in  the  ordinary  way,  the  adjoining  land  has  often,  owing 
extension  of  buildings,  increased   so  much  in  value  as  to  rer 
expedient  to  avoid  the  purchase  of  additional  land  for  the  widen 
the  line,  as  far  as  practicable.      Moreover,  slips  in  the  slopes  of 
formed  day  cuttings  and  embankments,  which,  in  entailing  the  ext 
of  the  boundaries  of  the  railway,  are  of  comparatively  little  impo 
through  agricultural  districts,  become  a  serious  matter  when  lead 
encroachments  on  valuable  building  land.     Under  such  conditior 
mere  widening  of  the  original  cuttings  and  embankments  is  resor 
it  is  specially  imi.>ortant  to  execute  this  enlargement  on  one  side 
possible,  so  as  to  disturb  only  one  of  the  consolidated  slopes ;  i 
the  immediate  vicinity  of  the  metropolis  or  large  towns,  it  is 
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^visable  to  eflfect  the  widening  by  building  a  retaining  wall  on  each 
*de,  to  keep  up  the  upper  part  of  the  slope,  enabling  the  toe  of  each 
^pe  to  be  removed  in  the  case  of  a  cutting,  and  allowing  an  embank- 
ment to  be  widened  at  the  top  without  entailing  an  extension  of  the  toe 
of  the  slope  on  each  side,  which  is  kept  back  by  a  retaining  wall  erected 
along  the  outer  edge  of  the  slopes  of  the  original  embankment. 

In  order  to  widen. a  cutting  by  substituting  a  retaining  wall  for  the 

lower  part  of  the  slope  on  each  side,  a  trench  is  excavated  along  the 

slope,  with  its  inner  face  flush  with  the  upper  part  of  the  portion  of 

the  slope  to  be  removed ;  and  the  trench  is  timbered  strongly  as  it  is 

carried  down  to  below  the  formation  level  in  the  cutting,  the  width  of 

dw  trench  being  increased  with  an  increase  in  the  depth  of  the  cutting 

or  in  the  instability  of  the  soil.     The  trench  is  excavated  in  short 

lengths ;  and  as  soon  as  it  has  reached  its  full  depth,  it  is  filled  in  with 

concrete,  the  timbers  being  removed  as  the  concrete  is  carried  up  ;  and 

as  soon  as  the  concrete  has  set,  the  lower,  inner  part  of  the  slope  can  be 

removed.     To  provide  against  the  accumulation  of  drainage  water  at 

the  back  of  the  wall,  tending  to  disintegrate  the  material  behind  it  and 

increase  the  pressure,  drainage  holes  are  formed  through  the  wall  in 

building  it ;  and  the  sliding  forward  of  the  wall  is  prevented  by  carrying 

it  down  into  the  solid  ground  below  formation  level.     Retaining  walls 

for  embankments  are  built  along  the  toe  of  the  slopes ;  and  after  the 

best  available  material  has  been  raised  in  layers  against  the  back  of  the 

wall  up  to  its  crest,  the  formation  width  of  the  embankment  can  be 

increased  with  slopes  at  the  sides  down  to  the  crest  of  the  walls. 

Good  drainage  at  the  back  of  retaining  walls ;  due  provision  against 
tbe  commencement  of  slips  from  above  in  cuttings ;  filling  up  with  a 
succession  of  thin  layers,  carefully  punned,  behind  the  retaining  walls 
for  embankments;  and  the  carrying  down  of  the  foundations  to  a 
sufficient  depth  into  the  solid  ground  to  afford  an  adequately  firm  toe 
for  the  base  of  the  wall  to  press  against,  in  the  event  of  its  tending  to 
niove  forward,  are  essential  precautions  for  ensuring  the  stability  of  all 
dasses  of  retaining  walls.  The  horizontally  arched  form  of  retaining 
wall  commonly  used  for  lining  the  sides  of  metropoliLin  railways  in 
open  cutting  through  treacherous  strata  (Fig.  134,  [).  228),  has  the 
advantage  of  providing  a  greater  width  of  wall  and  of  base,  and  there- 
fore a  stronger  wall,  in  proportion  to  the  amount  of  materials  employed, 
than  the  ordinary  form  of  solid  wall.  Where  retaining  walls  at  the  sides 
of  a  cutting  are  exposed  to  a  considerable  pressure  at  the  back  in 
unreliable  strata,  the  tendency  of  the  walls  to  slide  forward  at  their  toe 
can  be  prevented  by  the  insertion  of  an  invert,  whereby  the  pressure 
against  the  base  of  one  wall  is  counteracted  by  the  pressure  on  the 
opposite  side.  Moreover,  the  liability  of  retaining  walls,  especially 
when  high,  to  be  pushed  forward  at  the  to])  by  the  pressure  of  the 
ground  behind,  can  be  prevented  by  struts  stretching  across  from  wall 
to  wall  (Fig.  135,  p.  228),  a  system  long  ago  adopted  in  constructing 
the  approach  to  Euston  Square  Terminus,  where  cast-iron  struts  stretching 
across  the  four  lines  of  way,  support  the  upper  part  of  the  retaining 
wall  on  each  side  in  a  clay  stratum. 
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T'ji>kl  V  '.rks  :>i  rsi:¥-£y$ — PmiriiTMiiiT  Wkx  :  nrnnmcm.  primaiy  amsden- 
tr.iii^ :  C-f-sf  t,  i-fcrjtii*s  nL  x  crag  gag  connmes^  scaadanL  condhioiis 
aJtm-Ti^-  g*^"t.  brtii  af  ^^^r^jt ;  Xirrc^  Gu^gc;  saTing  effected  bfi 
k-cvknict^t^  cc.  fnr  rcrrrs  31  satmiiit^ncBS  cciuaui,  economy ;  BftOast, 
v^t^nsLis^  eiz^pui'^tc  :  W;«:c  5>etyerK  »2ramti^cs  oC.  tiinbcr  used,  kogi* 
lucii^  «Zfd  cn>«is  sOtrp>£rsw  r — >m^cci5  ukd  merits,  bed-plates  cm  sfeepen 
Ivr  f^&=i^t  riils  ;  Cisi-irt-  Sjtepcrs.  oVtect,  fonn ;  Wzoqght-iron  ani 
S:t*-I  Crt»>5  SJttrpcrs,  fic-zi*,  disacvaatiLgcs  oL  imder  cenain  dronn- 
sciJLc**,  tacttiKTe}}  trird.  re riditaons  AJieMtJng use ;  Rails,  fonns described, 
zdo'/iy^z  «  st«l  wt  iit :  fasienir^s  fcr  rails,  chairs,  advantages  of 
fiar.^c  rkils.  ob;tc:  c  f  car.t :  cosa«<ctioD  of  rails,  nsh-platcs ;  spice 
f'jT  «:;^ai»b;oE  ;  fYc^-^ic•E.^  for  Safety  on.Cnrres,  snper-devatioii  of  ontff 
raiL  ch«:ck  rkiL  <xb'tr  prrecauiions.  bogies — Janctioiia :  arrangements; 
bTAit'-h-ri  anc  cross  r.gs,  dtrscripiior.  of  switches,  their  locking,  rising  rA 
<:*:V-r;;.i:on  of  cro??ir.g-5  :  fcrms  of  functions,  ordinary,  diversion  of  ootff 
iir.*;— Stationa  :  conditions  relating  to  them  ;  forms,  arrangements  01 
;r*t«:rrr.*:diat^  stations,  arrangements  of  terminal  stations. 

An  hi'  th«:  cuttings  and  embankments  of  a  railway  have  been  completed 
to  formation  level,  the  viaducts,  bridges,  and  adverts  built,  and  the 
tunnels  constructed,  the  line  has  to  be  completed  by  the  lajring  of  the 
|i<rrrnanenl  way,  the  forming  of  the  connections  at  tlie  jtmctions,  ao^ 
the  erer  lirjn  of  the  stations. 


Permanent  Way. 

Tcrinanent  way  consists  of  the  ballast,  sleepers,  and  rails,  laid  on  the 
(orriiation  level,  raising  the  line  about  2  feet  above  this  level  with  rails 
hU|>|>ortr(I  on  chairs,  and  about  i  foot  8  inches  with  flat-bottomed  rails  I 
and  thr  term  "  [Hrrmanent "  has  been  adopted  to  distinguish  these  lines, 
solidly  laid  to  Ix-ar  tlu:  f)assage  of  heavy  trains  at  a  high  speed,  from  the 
tcin|M)rary  liru's  laid  down  by  the  contractor  for  carrying  out  the  works, 

AfttT  the  course  of  a  railway  has  been  decided  upon,  two  points 
have?  lo  he  deUtnniru'd  at  the  outset,  before  the  drawings  for  its  con- 
struction can  be  commenced,  namely,  whether  the  railway  is  to  have  a 
Hingle  or  a  double  line,  and  the  gauge  to  which  the  rails  are  to  be  laid, 
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5  the  formation  width  of  tlie  earthwork,  and  the  minimum  width  that 
just  be  provided  for  the  railway  between  the  side  walls  of  the 
wet-bridges,  tunnels,  and  other  structures,  .depend  mainly  on  these 
considerations.  A  single  line  is  usually  laid  down  for  pioneer  or 
itanch  railways  in  the  first  instance,  with  passing-places  at  the  stations, 
t  second  line  being  subsequently  added  as  soon  as  the  traffic  has 
increased  sufficiently  to  necessitate  more  accommodation ;  but  where 
thete  appears  to  be  a  good  prospect  of  a  rapid  development  of  traffic 
on  the  line,  works  which  are  not  well  adapted  for  being  widened,  such 
M  over-bridges  and  tunnels,  are  often  constructed  at  the  outset  to 
Jccommodale  two  lines  of  way. 

Gaage. —  The  gauge  of  a  railway,  or  the  width  between  the  inside 
t^es  of  the  two  rails  of  a  line  of  way,  has  been  varied  somewhat  in 
different  localities,  and  sometimes  in  accordance  with  variations  in 
the  conditions.  Thus  the  standard  gauge  of  Great  Britain,  of  4  feet 
^  inches,  to  which  all  the  railways  of  the  country  have  to  be  laid 
unless  another  gauge  has  been  specially  authorized,  is  also  the  gauge  of 
continental  Europe,  with  the  exception  of  Russia,  Spain,  and  Portugal, 
Md  of  the  United  Stales,  Canada,  Mexico,  Brazil,  Uruguay,  Peru, 
Egypi  and  New  South  Wales,  A  gauge  of  5  feet  was  purposely 
adopted  by  Russia  to  prevent  the  possibihty  of  the  neighbouring 
European  nations,  in  time  of  war,  pouring  armies  by  rail  into  the 
wuntry.  A  gauge  of  5  feel  3  inches  was  chosen  in  Ireland,  Victoria, 
Sonth  Australia,  New  Zealand,  and  for  some  lines  in  Brazil ;  whereas 
5  feel  6  inches  are  the  gauge  of  the  railways  in  Spain  and  Portugal, 
Ceylon,  Argentina,  Chih,  of  the  main  lines  of  British  India,  and  some 
™e»  in  the  United  States  and  Brazil.  Narrower  gauges  have  been 
^pled  as  the  standard  gauge  in  a  few  countries,  as  for  instance  3  feet 
*  inches  for  the  railways  of  the  Cape  Colonies,  Queensland,  West 
Italia,  Tasmania,  and  Japan,  and  for  secondary  or  light  railways, 
•illi  widths  ranging  between  3  feet  6  inches  and  2  feet,  examples  of 
'nidi  are  furnished  by  the  secondary  railways  of  Norway  and  Egypt, 
""d  the  light  railways  of  South  Australia  and  New  Zealand,  with  a  gauge 
jj  J  feet  6  inches,  of  India  with  the  metre  (3  feet  3I  inches)  gauge,  of 
"■Micoand  some  light  railways  in  England  and  Ireland  with  a  3-feet 
^c,  and  several  light  railways  on  the  Continent,  in  India,  and  in 
England,  with  gauges  ranging  from  a  feet  6  inches  down  lo  2  feet,  the 
'•tier  being  the  gauge  of  the  well-known  Fesliniog  {actually  1  fool 
'I;  inches)  and  Darjeeling  railways  in  mountainous  districts. 

The  standard  English  gauge  of  4  feet  8^  inches  has  been  proved  by 
'^penencc  10  satisfy  all  the  requirements  of  large,  heavy,  and  rapid 
'it&c ;  for  not  only  is  it  the  gauge  which  has  been  most  largely 
idopted,  but  it  is  also  the  gauge  of  the  railways  which  carry  the  most 
lumerous,  quickest,  and  heaviest  trains.  The  safety  of  trains  appears 
0  depend  more  upon  a  well-laid  permanent  way  than  upon  the  width  of 
IK  gauge ;  and  though  a  wide  gauge  must  give  a  train  greater  stability 


I 


I 

k  rtmnug  along  a  straight  line,  it  is  unfavourable  for  the  passage  of    ^^H 
aiiu  round   cun-es,   owing  to   the  greater  difference  in  Icngtii  and    ^^| 

a  between   the  outer  and  inner  rail  with  an  increase  in    the   ^^H 
, J 
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width  of  the  gauge.  Wliatever  standard  gauge,  however,  may  be 
adopted  in  a  countn*  as  best  suited  to  its  conditions,  it  is  very  impoitant 
that  the  network  of  the  main  lines  and  branches  should  be  Isud  as  far  as 
practicable  to  the  same  gauge,  so  that  the  rolling-stock  may  traveise  any 
part  of  the  system.  A  change  in  the  gauge,  or,  as  it  is  termed,  a  break 
of  gauge,  necessitates  a  change  of  vi^des  by  the  passengers,  and  a 
transhipment  of  goods,  invohdng  inconvenience  and  delay. 

Narrow    Gauge. — In    some   countries,  certain    parts  differ  so 
essentially  from  the  rest,  in  population,  resources,  and  physical  con- 
ditions, that  the  choice  lies  between  a  cheaper  form  of  railway  with  a 
narrow  gauge,  or  no  railway  at  all.    Sometimes  also  in  outlying  districts, 
the  traffic  requirements  are  so  different  from  those  ser\*ed  by  the  main 
system  of  railways,  and  the  interchange  of  goods  and  products  is  so 
moderate,  that  a  break  of  gauge  is  of  comparatively  little  importance, 
and  is  dictated  by  economical  considerations.    The  saving  effected  by 
the  adoption  of  a  narrow  gauge,  consists  in  the  reduction  of  the  formation 
width,  and  consequently  a  diminution  in  the  width  of  the  strip  of  land 
required  for  the  line :  in  the  span  of  the  over-bridges,  and  the  width  of 
the  under-bridges ;  and  a  reduction  in  the  earthwork  of  the  central 
portion  of  the  cuttings  and  embankments  (though  leaving  the  contents 
of  the  slopes  unaltered),  the  amount  of  ballast,  and  the  length  of  the 
cross  sleepers,  in  proi)ortion   to  the  narrowing  of  the  gauge.    It  is 
evident,  therefore,  that  in  order  to  compensate  amply  for  tiie  incon- 
venience and  cost  of  transhipment  involved  in  a  break  of  gauge,  it  is 
im)H>rtant  for  the  modified  gauge  to  be  made  notably  narrower  than 
the  standard  gauge,  so  as  to  gain  all  the  economy  practicable  by  the 
change  :  and,  consequently,  a  gauge  of  2^  feet  appears  preferable  to  a 
3-J-feet  or  a  metre  gauge.     Moreover,  a  narrow  gauge,  though  necessh 
tatiiig   the   purchase   of  special   rolling-stock,  has   the   advantages  of 
enabling  the  rolling-stock  to  be  fully  adapted  to  the  requirements  of 
the  district,  and  the  load  proj)ortioned  to  a  lighter  form  of  permanent 
way.      In   mountainous  districts,  a  narrow  gauge  possesses  the  great 
advantage  of  enabling  much  sharper  cun*es  to  be  introduced  than  would 
be  possible  with  the  standard  gauge,  whereby  the  cost  of  a  railway 
passing  through  rugged  country  can  be  largely  reduced.      Thus,  for 
instance,  the  sharpest  standard  curves  on  the  mountain  section  of  the 
Canadian  Pacific  Railway,  with  a  gauge  of  4  feet  8^  inches,  have  a 
radius  of  573  feet,  which  is  also  the  minimum  radius  admitted  for 
curves  in  rugged  countr)'  in  India,  under  exceptional  conditions,  vilh 
the  5-i-feet  gauge  :  whereas  curves  of  358  feet  radius  are  allowed  on  the 
metre  gauge  in  India,  and  curves  of  83  feet  radius  have  been  resorted 
to  in  some  i)laces  on  the  Festiniog  Railway  in   North  Wales  with  * 
gauge  of  I  foot  iii  inches,  and  of  70  feet  radius  on  the  Daijeelin^ 
Railway  in  the  Himalayas  with  a  gauge  of  2  feet.     The  influence  of 
gauge  on  cost,  is  indicated  by  a  comj)arison  of  the  cost  per  mile  of  soDtt^ 
of  the  more  recent  railways  in  India,  constructed   to   three  different 
gauges,  which  averages  ;^72oo  for  the  5  feet  6  inches  gauge,  £4$^ 
for  the  metre  gauge,  and  ^1800  for  the  2  feet  6  inches  gauge.^ 
*  **  Light  Railways  at  Home  ami  Abroad,'*  \V.  H.  Cole,  p.  176. 
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Ballast. — ^The  objects  of  ballast  are,  to  serve  as  a  bed  for  the 
Keepers,  so  as  to  distribute  the  shocks  to  which  they  are  exposed  by 
ttsnng  trains  and  prevent  their  cutting  into  the  soft  parts  of  the 
ixnsation;  to  enable  the  water  in  wet  weather  to  drain  away  rapidly 
X)m  under  the  sleepers,  and  thereby  preserve  them ;  to  keep  the  sleepers 
rmly  in  position ;  and  also  when  die  ballast  is  heaped  up  over  them,  as 
now  sometimes  done,  to  protect  them  from  the  sun.  Ballast  should 
tisist  of  clean,  broken  stone,  shingle,  gravel,  broken  bricks,  slag, 

other  hard  material  not  subject  to  disintegration  by  shocks  and 
3isture ;  and  the  coarser  material  should  be  laid  at  the  bottom,  with 
5  finer  above,  forming  a  layer  not  less  than  18  inches  thick,  and 
tending  out  about  18  inches  beyond  the  ends  of  the  cross  sleepers. 
bere  ballast  cannot  be  procured  within  a  reasonable  distance,  as  on 
I  prairies  of  North  America  and  the  African  deserts,  and  in  laying 
meer  lines  in  imdeveloped  districts,  the  sleepers  are  laid  directly  on 
t  ground,  with  packing  of  sand  or  of  the  best  soil  available ;  and  by 
itdng  the  sleepers  closer  together  in  districts  abounding  in  timber,  and 
leie  the  climate  is  dry,  a  sufficiently  solid  track  is  thereby  obtained. 

Wood  Sleepers. — The  materials  used  for  sleepers  are  timber,  cast 
Ml,  wrought  iron,  and  steel.  Timber  sleepers  are  most  commonly 
ni^oyed,  as  they  are  cheap,  more  particularly  in  carrying  a  railway 
irou^  undeveloped  forests;  they  form  an  elastic,  moderately  quiet 
ack;  and  they  are  fairly  durable  if  made  of  sound,  well-seasoned 
mber,  generally  protected  against  decay  by  creosoting  under  pressure 
r  other  preservative  method.  Hard  woods  are  preferable  for  sleepers 
tee  they  are  readily  obtained,  as  they  are  less  subject  to  injury 
pder  a  heavy  traffic ;  but  Baltic  pine,  sawn  on  the  spot  to  reciuisite 
unensions,  is  commonly  used  on  European  railways ;  whilst  larch,  if 
rown  to  a  sufficient  size,  forms  durable,  cheap,  semicircular  sleepers ; 
^  white  oak  has  been  largely  adopted  for  sleei)ers  in  America  with 
itisfactory  results. 

Two   forms    of  wooden   sleepers   have    been    employed,   namely, 
^ngitudinal   sleepers  and  cross 
^pers.     Longitudinal  sleepers,      lonqitudinal  sleepers  and  bridge 

conjunction  with  bridge  rails,  rails. 

nn  a  very  even  track,  the  rails  ^'*^'  ^^®' 

■ing  supported  by  the  sleepers 
)ng  their  whole  length,  so  that 
lighter  section  of  rail  can  be 
opted  (Fig,  149);  and  in  the 
mt  of  a  vehicle  leaving  the  rails,  it  may  run  along  the  sleepers  for 
ne  distance  without  injury.  Moreover,  with  the  original  broad  gauge 
7  feet  of  the  Great  Western  Railway,  the  longitudinal  sleepers  laid 
^•n,  12  inches  wide  and  6  inches  thick,  were  cheaper  than  cross 
spers.  To  maintain  the  gauge,  however,  with  longitudinal  sleepers, 
y  have  to  be  connected  at  intervals  by  cross  pieces  of  timber,  which 
-e  made  4-^  inches  wide  and  6  inches  deep  on  the  broad  gauge.  The 
mection  also  of  bridge  rails  has  to  be  effected  by  a  plate  under  the 
,  which  forms  a  less  satisfactory  joint  than  the  fish-plates  connecting 
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f*w-r  foRBs  of  oils:  and  the  repoiis  and  renewak  of  longitudt 
Uecfxn  aie  mof«  coaly  and  troublesome  than  of  cross  sleepen.  1 
cost,  monorer.  of  longitudinal  slecpen  is  gnater  for  the  staiHUid  ga 
M  4  fe«  Si  inches,  now  so  extenavcly  adopted,  than  that  of  c 
ileepetv  Accotdingh-,  cross  sleepeis  are  at  the  present  time  all 
eiciusivelT  resoned  to  where  Umber  sleepers  are  used. 

Cross  s^ecpos,  or  ties  as  they  arc  called  in  America,  from  l 
connecting  the  two  tails  oS  a  line  of  way  together  at  their  proper  <^ 
apart,  nuy  soaiewfau  in  their  dimensions,  and  in  the  distance  the; 
placed  apart,  accordii^  to  the  traffic  on  the  line.  Thus  on  the  i 
lines  in  Er^land.  the  nsual  dimensions  of  timber  sleepers  are  8 
It  inches  long,  by  lo  inches  wide,  by  5  inches  thick;  though  on 
with  Teiy  frequent,  heavy  traffic,  like  the  Metropolitan  Railway 
cross  dimoisions  are  increased  to  1 2  inches  by  6  inches,  and  m 
of  light  traffic,  reduced  to  9  inches  by  4j  inches.  On  the  Can: 
Faci6c  Railway,  the  wooden  cross  sleepers  are  8  feet  long,  6  to  8  ii 
wide,  and  6  inches  thick.  The  standard  sizes  of  the  wooden 
sleepers  00  several  of  the  main  lines  of  railway  in  the  United  State 
8  to  &\  feet  in  length,  6  to  9  ir»ches  in  width,  and  6  to  7  inch' 
thitiness.'  The  sleepers  are  generally  placed  closer  together  or 
.American  railways  than  in  Europe,  more  especially  where  the  ball 
of  poOT  qualit>-  or  has  to  be  dispensed  with,  so  that  instead  of  1 
laid  3  feel  apart,  and  a  feet  at  the  joints,  centre  to  centre,  as  usu 
England,  numbering  about  1800  sleepers  per  mile,  they  are  put 


2  feel  to  I  foot  8  inches  apart  in  America,  giving  about  2240  to 
sleepers  per  mile.  The  sleepers,  however,  are  being  placed 
together  now  in  England  in  parts  where  the  traffic  is  excepti 
large. 

The  life  of  a  wood  sleeper  varies  between  about  five  and  ei] 
years,  according  to  the  quality  of  the  timber  or  its  protectio 
climate,  the  traffic,  and  its  exposure  to  damp.  Where  the  tn 
very  heavy,  and  especially  on  sharp  curves  and  steep  gradien 
indentation  of  the  fiat-bottomed  rails  into  the  sleepers,  or  the  w 

'  "  Railway  Track  and  Track  Work,"  E.  E.  Ruaell  Tratman,  New  York, 
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of  the  fiuteningSy  determines  the  life  of  the  sleepers;  but  by 
I  metal  bed-plates  under  the  flat-bottomed  rails  at  the  sleepers, 
y  affording  a  considerably  larger  .bearing  surface,  and  a  much 
attachment  between  the  rail  and  the  sleeper,  the  indentation  of 
«pers  and  the  damage  at  the  fastenings  are  prevented  (Fig.  150). 
iit-iron  Sleepen. — In  some  countries,  tlie  attacks  of  insects, 
as  the  white  ant  in  India,  and  an  unfavourable  climate,  render 
»  sleepers  unsuitable  from  the  rapid  injury  they  undergo, 
dingly,  many  years  ago  cast-iron,  elliptical,  pot  or  bowl  sleepers 
idopted  under  these  circumstances  instead  of  wood,  connected  in 
)y  an  iron  tie  across  the  line,  to  maintain  the  gauge.  Chairs  are 
n  these  pot  sleepers  to  receive  a  double-headed  rail  (Fig.  151),  or 
for  fastening  on  a  flat-bottomed  rail  (Fig.  152) ;  and  holes  are 
led  in  the  upper  part  of  the  bowl,  through  which  the  packing  of 


CA8T.IRON  POT  SLEEPERS. 
Fig.  161.— Indian  State  Railways. 
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Fig.  162.— Indian  Midland  Railway. 
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illast,  so  as  to  fill  the  hollow  underneath  the  bowl,  can  be  com- 
\,  in  order  to  both  support  the  bowl  and  keep  it  firmly  in  place, 
pot  sleepers,  therefore,  serve  the  double  purpose  of  sleeper  and 
and  they  do  not  readily  rust ;  but  being  of  cast  iron,  they  are 
to  breakage  from  shocks. 
ron^t-iron  and  Steel  Cross  Sleepers. — The  tendency  of 
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cast-iron  sleepers  to  fracture,  and  the  gradual  increase  in  some  partJ 
in  the  price  of  timber,  and  its  liability  to  decay,  led  to  the  employmcn 
of  wrought  iron  for  sleepers,  in  the  form  of  an  inverted  trough.  Sevaa 
attempts  were  made  to  design  satisfactory  forms  of  wrought-iron  long 
tudinal  sleepers  several  years  ago ;  ^  but,  as  in  the  case  of  timb< 
sleepers,  metal  cross  sleepers  have  proved  preferable,  formerly  mac 
of  wrought  iron,  and  more  recently  of  steel.  Though  all  these  met 
cross  sleepers  have  been  made  of  the  inverted  trough  shape,  closed 
the  ends,  so  as  to  be  embedded  and  kept  immovable  in  the  ballast,  th« 
precise  form,  and  the  connections  provided  for  the  rails  resting  up 
them,  have  been  considerably  varied  by  different  designers.  T 
accompanying  illustrations  (Figs.  153,  154,  and  155)  show  thr 
different  forms  of  steel  cross  sleepers.  In  the  first  case  (Fig.  15 
ordinary  chairs  holding  double-headed  rails  are  fastened  on  to  the  st< 
cross  sleepers  by  bolts,  a  felt  pad  being  inserted  between  the  chair  a 
the  sleeper  to  prevent  the  clatter  of  metal  against  metal  in  the  vibratic 
produceid  by  the  trains ;  but  in  some  types  of  steel  sleepers,  the  cha 
form  part  of  the  sleeper.  The  two  other  drawings  (Figs.  154  and  15 
show  steel  cross  sleepers  differing  in  shape,  and  also  having  differe 
arrangements  for  fastening  the  flat-bottomed  rails  to  them. 

Steel  sleepers  last,  in  most  cases,  considerably  longer  than  wood 
sleepers ;  but  their  first  cost  is  also  much  larger.  In  localities,  howevi 
where  the  soil  is  impregnated  with  saline  deposits,  steel  sleepers  n 
rapidly,  which,  owing  to  the  thin  metal  used,  soon  causes  a  serio 
deterioration  in  their  strength,  prohibiting  their  use  under  such  co 
ditions ')  whereas  cast  iron  is  far  less  readily  attacked.  Steel  sleepe 
are  less  easily  packed  and  replaced  than  wooden  sleepers ;  and  whe 
steel  sleepers  have  been  injured  by  a  train  running  off  the  line,  it  h; 
been  found  very  troublesome  to  remove  them  and  restore  the  trac 
As  such  accidents  are  more  liable  to  occur  at  points  and  crossings  thi 
elsewhere,  the  use  of  wooden  sleepers  at  these  places  has  bet 
advocated,  as  much  easier  to  replace  when  damaged,  on  railways  whe 
metal  sleepers  are  otherwise  used.* 

Wrought-iron  and  steel  cross  sleepers  have  been  tried  upon  a  gre 
number  of  railways  in  different  parts  of  the  world,  and  extensive 
adopted  in  countries  where  the  conditions  are  unfavourable  for  wood' 
sleepers,  such  as  Africa,  India,  Mexico,  and  Brazil ; '  and  it  is  probal 
that  their  use  will  extend  with  improvements  in  their  form,  the  chea 
ening  of  their  manufacture,  and  the  gradual  reduction  in  the  availat 
supplies  of  timber,  coupled  with  an  increasing  demand  for  sleepers  wi 
the  extension  of  railways.  The  advisability  of  introducing  steel  sleep 
on  a  railway  must  depend  upon  the  climatic  conditions,  the  cost 
timber  suitable  for  sleepers,  the  expenses  of  maintenance,  and  i 
ivriod  of  renewals.     Unless  steel  sleepers  can  be  obtained  of  sud 

*  Pnx^ings  Inst,  C.E.y  vol.  Ixvii.  p.  3. 

*  /Afa/.,  vol.  cxvii.  p.  313. 

*  **  Reix>rt  on  the  Substitation  of  Metal  for   Wood  in   Railroad  Ties,** 
"  ReiKirt  on  the  Use  of  MeUl  Railroad  Ties,*'  £.  £.  Russell  Tratnum,  Washin^^ 
I  $90  aod  1894. 
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^ty  as  to  make  the  cost  of  their  maintenance  notably  less  than  that 
^  wood  sleepers,  and  their  life  considerably  longer,  then,  so  long  as 
vood  sleepers  remain  at  their  present  prices,  the  greater  first  cost  of 


8TEEL  8LEEPCR8. 
Fig.  163.— Midland  Railway. 


Flg.g164.— Simplon]  Railway. 
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Fig.  166.— N«w  York  Central  and  Hudson  River  Railway. 
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^1  sleepers  will  prevent  their  superseding  wood  sleepers  where  the 
■^nditions  are  not  unfavourable  for  timber. 

Rails. — Four  forms  of  rails  have  been  extensively  used,  namely, 
he  double-headed  rail,  the  bridge  rail,  the  flat-bottomed  or  flange  rail, 
^  the  bull-headed  rail,  though  only  the  last  two  are  now  in  very 
[cneral  use  for  railways. 

The  double-headed  rail  (Fig.  151,  p.  249,  and  Fig.  153)  was  originally 
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c^  ^a  that  when  the  surfaoe  of  the  one  head  had  btcij 
wfxn  oomvL  br  tbf  cralfbr,  bj  taming  the  rail  upside  down  in  the  0^1 
iioo  chsiis  v^adi  sopported  it,  a  new  surface  would  be  provided  bjllcj 
other  head.  OKscbr  ^Saobling  the  life  of  the  rail.  In  spite,  however,  < 
vaiioos  pTCCftzckxB^  the  smface  of  the  lower  head  always  bectfi^ 
indented  at  hs  so^ypocts.  being  hammered  by  the  passing  trains  aguA 
the  chairs,  so  that  the  turned  rail  presaited  an  uneven  surface,  jairiB| 
to  the  trains  and  sobject  to  rapid  wear;  in  addition  to  yrfaidi,  te 
reversal  of  the  strains  in  the  two  heads  causes  a  rapid  deterioraMi 
and,  accordii^br,  the  turning  of  the  rails  has  had  to  be  abandoned. 

The  bridge  raO  (Fig.  149,  p.  247),  so  called  from  its  resemblance  I 
section  to  a  bri^e,  was  verr  convenient  with  the  longitudinal  sleepeB 
suited  to  the  broad  gauge  of  the  Great  Western  Railway ;  but  with  tbi 
disappearance  of  the  broad  gaoge,  and  the  discontinuance  of  longitt 
dinal  sleepers,  the  advantage  of  the  bridge  rail  has  ceased,  exc^  i 
such  special  cases  as  railways  with  a  single  line  laid  in  a  cast-iron  tidndl 
tunnel,  like  the  Central  London  Railway,  where  longitudinal  sleepefl 
are  more  conveniently  supported  on  the  tube  than  cross  sleepers. 
Flat-bottomed,  or  flange  rails  (Fig.  156)  possess  the  advantages  0 

being  (astaoed  directly  to  the  sleeps 
without  the  intervention  of  chairs,  and  0 
possessing  great  lateral  stiffness,  as  wd 
as  having  considerable  vertical  strengtli 
though  somewhat  less  than  the  deepe 
double-headed  rails.  This  form  of  w^ 
being  more  economical  than  a  rail  sop 
ported  on  chairs,  has  been  very  exteft 
sively  adopted,  being  the  ordinary  focn 
in  America  and  the  colonies,  and  on  wsf^ 
foreign  railways,  with  the  exception  of  ^ 
older  lines  in  Europe. 
The  bull-headed  rail,  with  its  lower  portion  made  smaller  than  the 


FLANQE   RAIL   WITH  FASTEN- 
INQ8. 

Fig.  166. 


OOft*fti»IICI 


BULL-HEADED  RAIL  WITH  CHAIR. 
Fig.  167.-80-lb.  Rail. 


wvviKuy^  h«^Ad  tvf  the  rail  (Fig.  157),  has  superseded  the  doable-head 
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Tail  on  English  railways ;  for  the  object  of  making  the  two  heads  alike 
ceased  as  soon  as  it  became  recognized  that  the  rail  could  not  be 
advantageously  turned ;  and  the  additional  section  required  for  the 
heavier  rails  which  have  been  brought  into  use,  has  been  concentrated 
on  the  upper  head,  which  has  to  bear  the  wear  and  tear  of  the  traffic. 
I  Rails  which  were  formerly  made  of  wrought  iron,  have  been  made 
I  of  steel  since  the  cheapening  of  its  manufacture  by  the  Bessemer 
pocess,  which  has  increased  their  life,  notwithstanding  the  increase 
,  iaibe  weight  of  the  engines  and  carriages,  and  in  the  number  of  the 
Itains  on  most  lines,  and  the  great  friction  imposed  on  the  rails  by  the 
introduction  of  continuous  brakes.  The  upper  surface  of  the  head  of 
nils  M  now  generally  made  somewhat  flat,  to  afford  a  larger  bearing 
wriace  for  the  wheels  than  on  the  rounder  surface  formerly  provided; 
hut  the  actual  shape  of  the  rails  is  varied  somewhat  according  to  the 
ipecial  predilections  of  the  different  railway  companies,  who  have  their 
nils  rolled  to  a  particular  standard  template,  in  lengths  generally  of 
IxS'Sfeen  ti,  and  30  feel,  though  occasionally  reaching  60  feet.  The 
•eight  of  rails  is  commonly  stated  in  pounds  per  lineal  yard ;  and  whereas 
in  1860-70,  ibe  standard  weight  of  rails  for  railways  in  England  was 
JS  lbs.  a  yard,  the  weight  has  been  gradually  increased,  with  the 
increased  weight  on  the  driving-wheels  of  locomotives  and  the 
•ugmentalion  in  the  traffic,  up.  to  90  lbs.;  and  rails  of  100  lbs.  per 
jatii  and  over,  have  been  used  for  very  heavy  traffic. 

FaeteningB  for  Raila.— Double-headed  and  bull-headed  rails  have 
lo  be  supported  in  cast-iron  chairs,  into  which  they  are  wedged  by  hard- 
wood keys  (Fig.  157).  The  large  chairs  now  used  on  the  principal 
^lish  main  lines,  weighing  from  44  to  50  lbs.,  afford  a  bearing  on  the 
iletpeis  of  from  107  to  iia  square  inches,  as  compared  with  the  50  to  60 
s'|uare  inches  of  bearing  of  flange  raits;  and  these  chairs  with  their 
■«ie  base  transversely  to  the  rail,  give  it  considerable  rigidity  sideways. 
I'he  keys  or  wedges  which  fix  the  rail  in  the  cliairs,  are  generally  driven 
in  on  the  outer  side  of  the  rail,  so  that  the  rail,  when  pushed  outwards 
I))'  the  flanges  of  the  wheels  of  a  passing  train,  press  against  the  wooden 
keyi  and  keep  them  in  place ;  whilst  the  wood  forms  a  more  elastic 
•^ion  than  the  cast-iron  jaw  of  the  chair.  Occasionally,  however,  the 
litys  are  placed  on  the  inner  side  of  the  rail,  an  arrangement  which, 
"fiough  more  convenient  for  the  platelayers,  who  can  inspect  the  wedges 
<>(  both  rails  when  walking  along  inside  the  track,  forms  a  less  easy  road, 
"I'd  leads  to  the  loosening  of  the  keys  by  the  passage  of  the  trains. 

The  spikes,  screws,  and  bolts  by  which  the  chairs  and  flange  rails 
*>(  Uturhed  to  the  sleepers,  are  more  liable  to  work  loose  with  a  flange 
'>il>  and  the  sleepers  to  be  injured  by  the  pressure  of  the  flanges  upon 
'hem,  than  when  wide  chairs,  with  a  la^e  bearing  surface  at  (heir  base, 
*T  employed.  Accordingly,  bull-headed  rails  with  chairs  furnish  the 
sirougcst  and  most  durable  track  for  a  very  lai^e  and  heavy  traflic ;  but 
"le  flange  rail,  &stened  direct  to  the  sleepers,  merely  by  dog-spikes,  and 
^y  Eui|-bolt.«  near  each  end  in  tnany  cases,  but  jireferably  by  a  fang- 
m\  and  dog-spike  to  each  sleeper  on  opposite  sides  alternately 
Piil^  156},  has  been  preferred  under  all  other  conditions,  on  account 
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r  cost  end  the  npidity  with  ahich  it  can  be  laid  ;  «hUS 
:loaer  toMber  where  timber  is  cbeap,  and  the  additioa  ol 
bcd^tees  mdec  Ae  ouige  nib  at  tbe  sleepers,  render  a  track  laid  with 
iugc  mill  alOMM  as  ttrong  and  duiable  as  a  chair  road. 

The  oSs  of  a  like  of  war  are  given  a  cant  Inwanis  of  about  i  in  )0 
(Tig.  151 10  154,  pfL  a49aDd35i),  so  that  tbe  tyres  of  the  whecb,  made 
iG^tly  cooksl  wiUitfae  objed  of  bcilitatii^  the  travel  round  curves,  ml} 
l«««  as  wide  a  bearing  oa  die  tails  as  possible.  With  double-headed 
aod  baD-beadsl  laih,  this  cant  is  eSected  by  the  shape  given  to  the  duuB 
(P^t-  157,  p.  151);  and  with  flange  rails,' it  is  accomplished  by  ad/ing 
tbe  top  of  tbe  sleeper  at  tbe  tail-bed  to  the  proper  inward  slut 
<Fig.  156,  p.  153),  or  by  incBning  tbe  surbce  of  the  bed-plate  or  sled 
deeper  on  wfaidt  the  rail  rests  {Fig.  154,  p.  151)- 

Cameeticm  of  Rails. — Adjacent  rails  are  always  connected 
togctfacx  17  mows  of  a  pair  of  fislwplaies,  on  the  two  sides,  at  the  ends 
of  tbe  rath,  boJud  together  by  four  fish-bolts  passing  in  pairs  through  hold 
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FtSK-PLAT£8   WITH   90.  LB.    FLANQt 
RAIL 

Fig.  isg. 
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»io  eada  rail  Fornierty  tbe  fish-plates  were  always  inserted  in  the  hollo» 
between  the  apper  and  lower  part  of  the  rails  on  each  side  (Fig.  isS): 
but  on  lines  with  heavy  traffic,  where  the  weight  of  the  rails  has  beoi 
increased,  the  fish-plates  have  also  been  strengthened  by  being  m*^ 
deeper,  as  shown  on  Figs.  159  and  160,  making  the  joint  much  sirongd 

^^H  DEEP   FtSH-PLATEB  WITH   BULL  HEADED  HAIL 


than  formerly.     A  small  space  has  to  be  left  between  adjacent  tails  W 
allow  for  expansion  by  heat,  the  proper  width  of  the  interval  depending 

tupon  the  length  of  the  rails,  the  temperature  at  the  time  of  laytng,  and 
the  extreme  range  of  temperature  in  the  locality.  Rails  30  feet  long, 
laid  in  winter  at  a  temperature  of  100"  F.  below  the  possible  maxiuiuin, 
would  require  a  space  of  slightly  over  ^  inch  to  be  left  between  than. 
The  holes  in  the  rails  for  the  fish-bolts  are  made  slightly  elliptical  to 
allow  of  the  movements  of  expansion  and  contraction  of  the  rails, 
ProviaioiiB  for  Safety  on  CarveB. — The  tendency  of  the  whcdi 
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of  a  train,  on  entering  a  curve  at  high  speed,  to  retain  their  straight 
course,  and  therefore  to  mount  the  outer  rail  of  the  curve,  and  to  leave 
the  inner  rail,  has  to  be  provided  against  round  sharp  curves.  The 
tendency  to  mount  the  outer  rail  is  guarded  against  by  elevating  this 
nil  above  th^  other,  in  proportion  to  the  sharpness  of  the  curve,  the 
width  of  the  gauge,  and  the  maximum  speed  at  which  trains  are  intended 
to  travel  round  it,  so  that  the  vehicles  are  somewhat  tilted  inwards  and 
thus  run  more  easily  round  the  curve,  just  as  a  skater  leans  over,  when 
going  on  the  outside  edge,  in  proportion  to  the  sharpness  of  the  curve 
lie  is  cutting  on  the  ice.  The  formula  commonly  adopted  in  practice 
for  finding  the  suitable  super- elevation  of  the  outer  rail  is — 

Super-elevation  of  outer)  _  ft  (^^^^^^^Y  ^^  miles  per  hour)^ 

rail  in  inches  )  ~  1-25  radius  of  curvelrTfeet' 

On  very  sharp  curves,  a  guard  or  check  rail  is  laid  close  alongside 
the  inner  aJge  of  the  inner  rail,  leaving  only  just  sufficient  space  between 
for  the  flanges  of  the  wheels  to  pass  freely  round.  This  check  rail 
prevents  the  wheels  of  the  vehicles  from  leaving  the  inner  rail,  and 
thereby  assists  the  super-elevation  of  the  outer  rail  in  keeping  the 
wheels  from  mounting  the  outer  rail  With  flat-bottomed  or  bull- 
headed  rails,  the  check  rail  is  laid  in  special  double  chairs  carrying  the 
inner  rail ;  and  with  flange  rails,  an  angle-iron  is  commonly  bolted  on 
to  the  sleepers,  with  its  vertical  portion  close  alongside  the  inner  rail  to 
serve  as  the  check  rail. 

In  laying  out  very  sharp  curves,  it  is  advantageous  to  increase  the 
curvature  gradually  from  the  straight  line,  so  that  the  elevation  of  the 
outer  rail,  which  must  be  effected  gradually,  may  be  proportional  to 
4e  curvature,  and  be  completed  by  the  time  the  full  curvature  is 
attained.  Moreover,  to  ensure  the  provision  of  the  proper  super- 
elevation, it  is  essential  to  introduce  a  short  piece  of  straight  line 
^^etween  two  sharp  reverse  curves.  The  long,  rigid  wheel-base  of  the 
older  class  of  rolling-stock  is  liable  to  widen  out  the  gauge  on  sharp 
curves;  and  iron  tie-bars  are,  accordingly,  sometimes  introduced  to 
Quintain  the  gauge  on  very  sharp  curves.  The  use  of  pivoted  bogies, 
so  universal  on  the  long  American  cars,  by  substituting  a  short  wheel- 
l^  near  each  end  of  the  car,  in  place  of  the  long,  rigid  wheel-base  of 
^  ordinary  European  railway  carriages,  greatly  aids  in  making  a  train 
fun  easily  round  sharp  curves,  so  that  in  most  cases  the  use  of  check 
^  has  been  dispensed  with  on  the  curves  contouring  the  spurs  of 
the  Selkirk  range  on  the  Canadian  Pacific  Railway. 


Junctions. 

At  junctions,  where  a  branch  line  has  to  diverge  from  the  main  line, 

curve  has  to  be  formed  at  the  commencement  of  the  branch  line  to 

roduce  the  required  divergence ;  special  rails  have  to  be  introduced 

ith  pointed  extremities,  termed  switches  or  points,  to  turn  the  train  on 


256      SWITCHES  AND  CROSSINGS  AT  JUNCTIONS. 

10  the  bimnch  line ;  and  contrivances,  known  as  crossings,  have  to  be. 
laid  down  to  enable  the  flanges  of  the  wheels  of  the  branch  train  to 
pass  across  the  rails  of  the  main  line,  through  narrow  gaps  left  in  them, 
without  leaving  the  line  of  way  on  which  the  train  is  intended  to  tiayd. 
The  main-line  trains  also  have  to  pass  the  rails  of  the  branch  line  wWdi 
s;o  across  the  main  line,  so  that  special  precautions  have  to  be  taken  to 
prevent  the  trains  at  a  junction  leaving  the  rails,  or  following  the  wrong 
line,  or  splitting  so  that  portions  of  the  same  train  get  on  to  different 

lines. 

Switches  and  Cronsixigs. — ^llie  simplest  form  of  junction  is 
shown  on  Fig.  161,  where  a  single  line  of  railway  is  represented  brandl- 
ing off  from  another  single  line.    The  switches  are  two  inner  nils 

SINOLEUNE  RAILWAY  JUNCTION. 
RS.  161. 


lai^ring  in  width  to  a  knife-edge,  connected  together  by  a  tie-bar,  and 
so  arranged  and  pivoted,  that  when  one  switch  is  moved  close  against 
its  adjacent  rail  at  its  narrow  end,  the  other  switch  is  moved  out  from 
its  rail  about  four  inches,  so  as  to  leave  an  ample  space  for  the  flanges 
of  the  wheels  travelling  on  the  outer  rail  to  clear  its  point.    By  this 
means,  a  train  pursues  its  course  along  the  main  line,  or  is  diverted  to 
the  branch  line,  according  to  the  position  of  the  switches.    To  a  train 
travelling  from  right  to  left  in  Fig.  161,  the  switches  are  facing  points; 
but  to  a  train  going  in  the  opposite  direction,  they  are  trailing  points. 
In  the  latter  case,  the  train  merely  forces  open  the  switch  to  its  left  if 
the  switches  are  wrongly  placed,  unless  they  are  locked ;  but  a  train 
getting  on  the  wrong  side  of  facing  points  not  placed  properly,  or  not 
Oldened  sufficiently,  proceeds  on  the  wrong  line.     The  splitting  of  a 
train  in  two  has  been  caused  by  the  switches  being  moved  during  the 
{Kissage  of  the  train.     Facing  points,  accordingly,  are  a  source  of 
danger ;   but  ingenious  contrivances  have  been  devised  to  prevent 
accidents.    The  exact  position  of  the  switches  has  been  secured  by 
making  holes  in  the  connecting  bir,  through  which  a  bolt  can  only  be 
jxissed  when  the  switches  are  fully  opened  or  fully  closed ;  and  till  thb 
l)olt  has  locked  the  switches  in  their  precise  position,  the  signals  cannot 
be  lowered  for  the  passage  of  a  train.     The  splitting  of  a  train  by  the 
inadvertence  of  a  signalman,  has  been  prevented  by  causing  the  same 
oi)oration  as  the  unbolting  of  the  switches,  to  raise  a  rail  on  rockers  on 
the  inside  of  one  of  the  rails,  this  rail  being  made  longer  than  the 
greatest  interval  between  two  pairs  of  wheels  of  a  train ;  and  when  a 
train  is  ])assing,  the  rail  in  being  raised  comes  in  contact  with  the 
flanges  of  the  wheels,  so  that  the  operation  cannot  be  completed,  nor 
the  switches  set  free  to  move,  till  the  train  has  passed. 
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The  manner  in  idiich  the  necessary  gap  in  the  rails  is  arranged  for 
the  passage  of  the  flanges  of  the  wheels  across  them  at  the  crossing  C, 
is  shown  on  F^.  161,  p.  256,  where  the  two  converging  rails  from  the 
switches  spread  out  at  their  extremities  on  each  side  of  the  point,  from 
vhich  the  diveiging  rails  of  the  two  lines  start  beyond  the  gap ;  and  the 
Mssage  of  the  flanges  of  the  wheels  across  the  gap  is  controlled  by  check 
Ills  alongside  the  outer  rails  on  the  two  sides,  which  by  keeping  the 
Miter  flanges  close  to  the  outer  rail,  prevent  the  inner  flanges  from 
itiaying  from  their  proper  rail  in  passing  the  gap. 

Forms  of  JnncticiiB. — ^The  or(£nary  form  of  junction  with  a 
nain  line  is  shown  on  Fig.  162,  where  both  the  main  and  branch  hnes 
tfe  double.  This  involves  a  greater  number  of  crossings  than  the 
angle-line  junction,  but  the  principle  is  precisely  the  same.  Such  an 
uiangemenb,  however,  necessitates  the  blocking  of  the  main  line  when 

DOUBLEUNE  RAILWAY  JUNCTION. 
FIs.  162. 


t  branch  train  is  entering  or  leaving  the  junction.     Moreover,  the  trains 
*k»ig  the  branch  line  must  travel  slowly  round  the  curve  till  they  are 
^  of  the  main  line,  as  no  elevation  of  the  outer  rail  of  the  curve  is 
P^le  in  crossing  the  main  line. 
Where  the  traffic  on  the  mai^  line  is  very  large,  the  passage  of  the 

BRANCH  LINE  CARRIED  UNDER  MAIN   LINES. 

Fig.  163. 


^^  branch  line  right  across  the  main  lines  is  sometimes  avoided  by 
"^arrangement  shpwn  in  Fig.  163,  where  the  far  branch  line  is  made 
to  diverge  on  its  own  side,  and  then  by  curving  round  and  passing  by 


1 5 S  F£'2l'n^^£-^'TS  ASD  ARRASGEMESTS  OFSTA TIOSS, 
Gt  jl  'cnd^  under  or  over  the  main  line,  comes  eventually  along- 


50£  die  ocbc;  braach  1^yw>  beyond  the  junction.  This  course,  thoo^ 
:ri  :ivr^  tbe  cost  oT  a  bridge  and  some  additional  land,  reduces  die 
cr::ss3cs  o€  rjc  rails,  in  the  case  of  double  lines,  from  six  to  two,  and 
ccTssaocarly  ei.p<citcs  the  tiaific  ;  and  the  system  is  especially  valuable 
wi>etfc.  vnh  viikaed  main  lines,  the  two  additional  central  lines  for  the 
iuc  ±r:«^  oains  vould  otherwise  have  to  be  crossed  by  the  outer 


Stations. 

Suiiocs  sbouki  be  provided  at  convenient  intervals  apart  for  the 
ct  the  railvay  is  intended  to  serve,  and  especially  at  the  most 

Me  puLces  for  giving  the  resources  of  die  locality  access  to  a  maiiet, 
u  anracting  the  population.  The  best  positions  also  for  stations 
shocld  be  given  some  weight  in  deciding  upon  the  course  of  a  railway 
and  iis  level  at  these  places. 

Conditions  relating  to  StaUons. — A  station  should  be  placed 
as  i2ear  a  main  road  as  possible,  and  also  as  close  as  practicable  to  the 
lovn  or  village  it  is  designed  to  accommodate.  It  is  also  expedient 
thit  the  line  ^ould  be  level  at  a  station ;  whilst  the  most  advantageous 
arrangement  for  the  approaches  is  where  easy  gradients  fall  away  on 
each  side«  assisting  the  starting  train  and  pulling  up  the  incoming  one; 
aiui  a  position  with  gradients  descending  to  the  station  on  each  side, 
should  be  avoided.  A  station  should,  moreover,  be  situated  where  the 
railway  is  close  to  the  natural  surface,  for  stations  in  cuttings  or  oo 
embankments  are  inconvenient,  costly,  and  difficult  of  access;  aod  : 
cur\es  should  be  avoided  in  the  neighbourhood  of  stations  whert 
feasible,  as  an  uninterrupted  view  for  some  distance  on  both  sides  is  of 
value  in  view  of  the  security  and  regulation  of  the  traffic 

FormB  of  Stations. — A  station  has  to  be  adapted  in  size  to  the 
traffic  it  has  to  accommodate.  A  small,  intermediate,  roadside  station  oo 
a  railway  of  single  line,  is  only  provided  with  a  booking  office,  whi<J 
serves  also  as  a  waiting-room,  and  the  necessary  adjuncts,  a  platform  oo 
one  side,  and  a  short  siding,  and  also  with  a  second  line  in  suitable 
places  for  trains  going  in  opposite  directions  to  pass.    On  a  double  lind 
there  is  a  platform  on  each  side ;  but  only  a  small  shelter  is  provided  on 
the  second  platform.    At  the  larger  intermediate  stations,  two  additional 
lines  are  often  provided  at  the  sides,  so  as  to  separate  the  slow  and 
^juick  traffic,  the  slower,  stopping  trains  being  diverted  on  to  the  side 
lines  alongside  the  platforms,  whilst  the  quick  trains  pass  unimpeded 
along   the   two  central  lines.     Frequently  also  in  such  cases,  island 
platforms  are  placed  in  the  centre  between  the  two  main  lines,  on  which 
the   passengers  by  the  quick  trains  can  occasionally  alight,  or  from 
which  they  can  embark,  access  to  the  central  platform  being  obtained 
by  an  overhead  footbridge  or  a  subway.     These  larger  staticms,  also 
are  provided  witii  improved  accommodation,  and  more  ample  sidings 
m  proportion  to  their  importance ;  and  the  platforms  are  sheltered  b^ 
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I  overhanging  roof  along  the  central  portion  of  their  length.  A  cross- 
rer  road  is,  moreover,  introduced  between  each  pair  of  rails,  to  transfer 
images  or  waggons  from  one  line  to  another  (Fig.  164). 
Stations  on  the  continent  are  generally  devoid  of  platforms,  which 
very  inconvenient  for  getting  into  or  out  of  the  ordinary  European 
fm  of  high  railway  carriages,  with  their  primitive  means  of  access ; 
id  under  such  conditions,  the  system  of  steps  furnished  at  each  end  of 
c  American  cars,  carried  even  lower  down,  should  be  resorted  to. 

CRO88-OVER  ROAD. 
Fig.  164. 


Terminal  stations  should  be  placed  close  to,  but  not  immediately 
cutting  on,  great  central  thoroughfares,  and  also  where  land  for 
(tensions  can  be  obtained  without  difficulty;  and  owing  to  the 
ihancement  of  the  value  of  land  by  its  propinquity  to  a  station,  an 
mple  area  for  future  enlargements  should  be  secured  alongside  all 
Dportant  stations,  if  possible,  at  the  outset. 

An  old  form  of  large  terminal  station  consisted  of  a  long  setting- 
iown  roadway  on  one  side,  separated  from  a  long  departure  platform, 
ondlel  to  it,  by  booking-offices,  luggage,  waiting,  and  refreshment 
ooms,  and  the  other  necessary  conveniences  ;  and  on  the  other  side,  a 
ong  arrival  platform,  with  a  roadway  for  cabs  and  carriages  adjoining. 
fhis  arrangement  was  very  convenient  for  long-distance  trains,  and  so 
ong  as  the  traffic  was  not  too  great  for  all  the  trains  to  start  from  the 
>ne  platform  and  arrive  at  the  other.  With  the  development,  however, 
3f  suburban  traffic,  an  increase  in  the  number  of  lines  for  trains  to  start 
bm  and  arrive  at,  with  platforms  alongside,  became  imperative  ;  and, 
accordingly,  central  lines  and  platforms  have  been  added,  reached  from 
^  end  of  the  station,  or  by  a  subway,  bridge,  or  movable  platform ;  or 
lines  have  been  introduced  at  the  side,  towards  the  outer  end  of  the 
*Uion,  for  the  local  traffic,  of  which  Victoria,  Paddington,  and  Liverpool 
Street  stations  in  London  are  instances.  The  other  common  arrange- 
ment of  terminal  stations  consists  in  placing  the  booking  and  other 
ffices  at  the  entrance  end  of  the  station,  with  an  approach  yard  in 
font ;  and  after  passing  through  the  booking  offices  to  an  open  space 
cyond,  access  is  gained  to  the  several  platforms  from  which  the  express 
nd  local  trains  start.  This  system  is  exemplified  by  Charing  Cross, 
annon  Street,  Fenchurch  Street,  and  the  North  and  South  Waterloo 
ations  in  London,  and  by  numerous  stations  on  the  Continent,  as  for 
istance  Frankfort  on  the  Main,  where  the  luggage  is  kept  to  a  great 
ctent  out  of  the  way  of  the  jmssengers  by  subways  and  lifts.  Sidings 
1  which  main-line  trains  can  be  made  up  and  wait  till  their  platform 
dear,  should  be  provided  as  near  the  station  as  practicable ;  but  local 
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txuBs  often  stut  agun  from  the  same  platfonn  soon  after  their  anivsli 
neccssitatm^  merdr  a  siding  for  the  locomotive. 

At  a  iaige  tennimts^  die  goods  station  is  distinct  from  the  passenger 
sttbon,  heing  usoaDy  placed  idiere  an  ample  space  can  be  provided  fot 
sidipgs  for  soitii^  tbe  tracks  and  marshalling  the  trams,  and  for  the 
Taiioas  apylianres  and  conveniences  for  the  miloading,  storage,  id 
despatch  of  goods. 


CHAPTER    XVI. 
LIGHT  RAILWAYS. 

of  light  railways — Conditions  necessary  for  light  railways — Gauge, 
derations  affecting  it ;  cost  of  railways  having  different  gauges, 
ies  adopted ;  advantages  of  narrow  gaujp^e — Laying  out  light 
lys,  considerations  affecting  route  ;  object  of  Light  Railway  Act  of 
-Cost  of  ordinary  and  light  railways  compared ;  cost  of  con- 
ion  in  various  countries  ;  economy  of  narrow-gauge  lines  in  India, 
jm,  and  Sweden ;  cost  of  light  railways  in  the  United  Kingdom, 
ices  of  cheap  lines — Light  railways  in  the  United  Kingdom,  effect 
t  of  1896  ;  gauges  and  lengths  of  standard  and  narrow-gauge  lines 
no-rail  railways — Lartigue  system,  Listowel  and  Ballybunion  ; 
nded  cars  on  elevated  rail — Light  railways  in  Belgium,  arrange- 
5  for  construction,  gauges,  limiting  curves  and  speeds,  advantages- 
railways  in  India,  lengths  of  standard  and  narrow-gauge  lines  open 
sanctioned  ;  value  of  narrow  gauge,  unexpected  development — 
It  and  progress  of  the  railways  of  the  world,  in  the  different 
ers  of  the  globe  ;  fields  for  future  extension. 

ilways  are  branch,  or  local  lines  passing  through  agricultural, 
populated,  or  undeveloped  lands,  which,  owing  to  the  very 

prospects  of  traffic  in  the  districts  they  traverse,  must  be 
*d  in  a  light,  cheap  manner,  in  ftrder  to  afford  them  a  chance 
ig  a  fair  return  on  their  capital  cost.  The  expenditure  on  the 
jired  for  the  line  must  necessarily  be  moderate,  and  can 
lly  be  entirely  dispensed  with,  by  laying  the  line  along  an 
rip  at  the  side  of  the  public  highway.  Light  railways,  more- 
ild  be  relieved  from  the  costly  and  onerous  conditions  of  road 
id  safety  appliances,  imposed,  in  the  interests  of  the  public,  on 
railways  over  which  frequent  trains  run  at  a  high  speed. 
Litions  necessary  for  Light  Railways. — A  light  railway 
a  sort  of  intermediate  position  between  an  ordinary  railway 
jport  by  vehicles  along  the  high-roads ;  and  its  object  is  to 

and    expedite    locomotion,  and   to   economize   the   cost   of 
n  outlying  rural  districts  not  served  by  ordinary  railways, 
primary  necessity  for  a  light  railway  is  cheapness  of  construe- 
in  the  absence  of  State  aid,  such  as  is  furnished  by  some  of 
pean  Governments,  money  can  only  be  attracted  with  certainty 


2^.2    :iF.F.Dr,,    GALGE,   A.\'D   CO.IT  OF  LSI-HT  RAILVAYI 
ar.rl  fr-//'**nr.: ;  v*  ';r.riftrtak:r.i£:i  which  offer  Z':oii  ^riscers   :f  "rTrjc:^ 

"'.r.f^rifixr.j  .r.  "hr:  ro»ir  of  rhr  workj.     This  -rrtioncciv  'lin  iciv  le  trcdttl 

«  •  - 

iw  'iftir.;/  i;w')"ir^:r  ra:;:i,  Iitfhtrr  ^rur.tur^  where  !:r.«i;4-is  i-r  "Tjcdcs  ir 
.fyl».if^:riHar;lr:.  anri  iftvrl  crosr-.iryri  in  place  of ':  r.«it-e<  wherever  i^ssisie, 
\iy  f\.■^{A:r^<^ln^  vnrri  f-rnc.nj^  wher^  practicable,  cv  ur:I:-:ir::£  "±6  rub-tc 
r^^fli  w'.i^r*:  orjnv':ni«:nt.  md  by  avoiding  a:i  unnecessary  rxzemiizsre  on 
\t:i  r . on' i  a nr !  ui  f -r. ;/  ap p I  iancf:« .  T o  o i j tain  these  c oncessi«j cs. ::  *ji  secesr 
*jiry  fr>  r*'A\if.f'.  rut-.  limitins^  kjad  upon  a  pair  of  wheeL?,  anc  cccse^uenily 
ro  *'Ux\,\ft'f  lii{htf:r  Uy.omotiv-:'-.  and  also  to  limit  Lhe  -jpeed  of  the  trains. 

Oaage  of  Liijht  Railways. — A  light  railway  is  not  necessainly 
a  rinrrftJ¥-if;k\i'j*'.  niUav,  though  so  far  as  reduction  in  zao^e  diminishes 
*  f»*\X.  'ii  r/ia«tT.rur,tion,  it  is  an  advanta^^e  in  this  respect  to  adopt  a  narrow 
jf;j I !;(•:.  'I  hf:  'jiit:stion  of  ^{aus^^:  really  depends  primarily  on  the  position 
of  rhf:  h^ht  rulway  in  r^':;(ard  to  standard  lines,  the  character  of  tliie 
rouritry,  and  ih#:  b:nj(ih  of  the  line.  If  a  light  railway  can  be  readily 
(j>xiti»-j  tr/I  with  a  sianrlard  lint;,  if  the  countr)'  which  it  traverses  is  flat, 
and  th*:  l»:n^^r.h  of  tht:  lin»:  is  ?ihort,  it  is  expedient  to  lay  it  to  the 
'standard  )f:k\\\i*i  so  as  to  avoid  transhipment,  which,  under  the  conditioDS 
of  a  Hhort.  \\x\K  and  flat  r.ountr\',  would  compensate  to  a  large  extent  for 
\\\t:  lar^rr  co-a  of  thr  widi:  ii;x\\g*:.  When,  on  the  contrary,  the  country 
i<i  ru^K«:rl  and  tfir:  linf:  lon^,  a  narrow  gauge  should  be  adopted,  as  the 
rrrhution  in  first  cost  far  more  than  compensates  for  the  expense  of 
rraris[iiprnf:nt.  Also  for  lines  [>assing  through  poor  districts,  a  small 
\\Ty\  'ost  is  rfiiif:li  rnor«:  imf^rtant  than  saving  of  transhipment. 

'I'lw:  lollowiii;/  tal>l*:.  fiiiMishtrd  by  the  International  Railway  Congress, 
indKafr-.  hf>w  ihr  ]ijii\\'^t:  aftecls  the  cost  of  railways,  of  similar  character, 
iindri  diffrffiit  r:r>ridilioiis  of  <:ountry  traversed  : — 

<''>?iT    IF.R    Mll-K. 


N.  M.iii'l.irrI  i{.iiiKf-,  Metre  Kauee,  I        Narrow  gauise, 

4  Irri  4N  >'■•  >'*'*■  \  l<^<^t  31  inches.  2  feet  6  uicocn. 


£  L 


I               £,  £  I 

\.rwv\ j,.V.j2  In    3,9X7  1^595  1"  2,5j;i  1,260102,057 

'.lii'jiilv  liiKliil.itiii};    .  .{,(152  i«i    5,5^2  2,392  to  3,987  j     I » 595  to  2,392 

Vrr'v  Mli.lllIiililU'.    .'     .  4.r^S  !*>     7.170  3»<>52  to  4,785  I      2,057103,190 

sli|;litlv  liilly  .     .     .  <i,3Soi.i    <>,57i  3.987^0  5i582  2.392103,987 

Vn'v  lolly       .      .      .  S.742  i.»  Ii,i<i3  4.78510  7,178  3,652105,582 

J>lii'liilv  iiii»uiil.iiniius  n>,3r)5  to  I2,7(>0  0,38010  8,774  4,785106,380 

\  .■!>  inniiiMaiium.      .  1 1, </i3  !••  15,050  7,977  to  II,  164  '      5,183107,976 


Xminliiii;  to  this  table,  thr  rost  of  a  railway  with  a  narrow  gauge 
i»l  .•'.  Irii,  whiiii  is  ratlu-i  n\oiv  than  half  the  cost  of  a  railway  of 
slaiul.nd  ^;aii.i;i'  ai  loss  K'vrl  count ry,  is  Kss  than  half  the  cost  under  the 
oihiM  coiuliiioiis,  and  apiuars  to  be  specially  low  through  hilly  country; 
but  the  rij;uri's  ^ivi*n  in  tlu'  table  do  not  indicate  nearly  the  same 
inuaikalilr  ei  onomy  of  the  -vVfeei  i;au«:e,  as  compared  with  broader 
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fuges,  estimated  to  have  been  realized  in  the  construction  of  Indian 

nOiniTs,  quoted  on  page  246. 

There  has  been  a  considerable  variety  in  the  gauges  adopted  for 
light  railways,  as  was  the  case  in  early  days  with  ordinary  railways, 
•t  kast  twelve  different  narrow  gauges  having  been  used  for  light  lines, 
io  addition  to  the  standard  gauge,  ranging  from  3  feet  6  inches  down 

10  I  foot  8  inches.  The  narrow  gauges  most  commonly  employed  have 
been  3  feet  6  inches,  the  metre  gauge  3  feet  3f  inches,  3  feet,  2  feet 
6  inches,  and  2  feet.  As,  however,  light  railways  are  generally  situated 
in  quite  distinct  districts,  without  any  prospect  of  intercommunication, 
there  is  not  the*same  objection  to  differences  of  gauge  for  light  railways, 

11  for  ordinary  branch  railways  which  are  in  connection  with  the  main 
Bnes  of  the  country.  Nevertheless,  there  is  no  advantage  in  the  multi- 
plication of  gauges  with  only  minute  differences  in  width;  whilst 
economy  results  from  adherence  to  one  or  two  standard  types  of 
Qurow  gauge,  and  the  adoption  of  a  gauge  admitting  of  an  interchange 
of  Tolling-stock  with  a  neighbouring  light  line  to  cope  with  a  temporary 
onergency.  The  metre  gauge  so  advantageously  used  for  several  of 
the  secondary  railways  of  India,  is  a  notable  reduction  in  width  from 
the  standard  gauge  of  5  feet  6  inches ;  but  gauges  of  2  feet  6  inches 
ukI  2  feet  have  also  been  resorted  to  in  India  for  the  distinctly  light 
lines  of  the  country.  Moreover,  a  gauge  of  2  feet  6  inches  appears  a 
inore  suitable  reduction  for  narrow-gauge  lines  in  a  country  where  the 
standard  gauge  is  4  feet  8-^  inches ;  whilst  a  gauge  of  2  feet  might  be 
wiopted,  under  exceptional  conditions,  in  mountainous  districts. 

The  selection  of  a  narrow  gauge  for  a  light  railway  possesses  the 
'pportant  advantages,  that  with  a  narrow  gauge,  combined  with  a 
limited  speed,  sharp  curves  can  be  introduced,  greatly  reducing  the  cost 
3f  the  earthworks  in  hilly  country,  and  enabling  the  line  to  be  adapted 
to  the  sharp  turns  of  an  ordinary  road ;  that  the  railway  takes  up  a 
smaller  width,  and  therefore  can  be  more  easily  laid  along  the  high- 
""oad ;  that  a  light  rolling-stock,  suited  in  size  to  the  particular  rcquirc- 
TJents  of  the  district  and  a  small,  varied  traffic,  can  be  provided,  thereby 
"^^ucing  considerably  the  loads  to  be  hauled,  and  the  proportion  of 
^e  dead  load  to  the  paying  load;  and  that  portable  branch  sidings 
^n  be  laid  across  the  fields  right  up  to  farms  in  the  neighbourhood 
^  the  line,  along  which  the  farmers  can  readily  draw  their  crops  on  to 
^^  railway,  whereby  the  cost  of  carriage  of  agricultural  produce  is 
'^terially  reduced.  Moreover,  a  narrow  gauge  secures  a  light  railway 
■^m  the  liability  of  having  its  rails  and  bridges  overweighted,  by  the 
^vy  locomotives  and  rolling-stock  of  the  main  line  being  run  over  it. 

Laying  out  Light  Railways.— The  objects  of  a  light  railway 
"e  to  serve  the  district  through  which  it  passes  as  efficiently  as  possible, 
kI  to  effect  this  purpose  with  the  smallest  expenditure  practicable. 
ie  selection  of  a  fairly  direct  route  between  the  two  extremities  of 
e  line,  required  in  connecting  large  centres  of  trade,  must  be  abandoned  ; 
d  the  route  must  be  chosen  with  the  view  of  collecting  as  much  traffic 
possible  along  the  line,  and  with  strict  regard  to  economy  in  con- 
uction.     The  line  should  be  made  as  nearly  a  surface  line  as  possible. 


264    NEEDS  OF  LIGHT  RAILWA  YS  :  COST  OF  RAILWA  YS. 

by  the  aid  of  sharp  curves,  so  as  to  avoid  a  large  expense  in  earthwoiks, 
and  to  cross  roads  on  the  level  By  following  the  line  of  the  main 
roads,  the  ordinary  route  of  the  traffic  of  the  locality  is  secured,  and 
the  purchase  of  land  is  avoided.  Moreover,  where  it  is  necessary  to 
diverge  from  the  high-road,  since  the  railway  is  designed  to  benefit  the 
district,  the  necessary  land  should  be  sold  at  its  ordinary  market  value. 
A  light  railway  in  fact,  instead  of  being  treated  as  an  interloper,  and 
a  fair  object  to  get  money  out  of,  should  be  regarded  as  a  friend  to  be 
assisted  in  every  possible  way.  If  light  railways  are  to  be  laigely 
extended  in  the  United  Kingdom,  they  must  be  promoted  and  aided 
by  the  inhabitants  and  landowners  of  the  district  they  are  designed  to 
accommodate,  thereby  interesting  the  localities  they  pass  through  in  thdr 
financial  success,  and  avoiding  all  unnecessary  expenditure.  The  Light 
Railways  Act  of  1896  was  passed  in  order  to  simplify  and  cheapen 
the  procedure  for  authorizing  the  construction  of  light  railways,  and, 
under  certain  conditions,  to  dispense  with  onerous  restrictions  with 
regard  to  their  construction  and  working,  as  the  light  railways  con- 
structed in  Great  Britain  and  Ireland  previously  to  that  time  had,  for 
the  most  part,  cost  too  much  to  offer  a  prospect  of  yielding  a  reasonable 
return  on  the  capital  expended ;  and  therefore  there  was  no  inducement, 
under  the  existing  circumstances,  to  invest  capital  in  the  extension  of 
such  lines.  The  greatest  measure,  however,  of  economy  can  be 
attained  by  a  judicious  laying  out  of  the  line,  so  as  to  avoid  heavy 
works,  whilst  selecting  the  most  convenient  route  for  the  district. 

Cost  of  Ordinary  and  Light   Railways  compared.— The 
capital  expended  in  the  construction  of  more  than  half  of  the  mileage  of 
the   railways  of  the  world  has  averaged  ;^i  1,832  per  mile;  but  the 
average  in  different  countries  has  ranged  between  somewhat  wide  limits. 
'J'hus  in  Europe,  the  United  Kingdom  heads  the  list,  with  a  capital 
expenditure  on  the  construction  of  railways  of  ;;^48,393  per  mile ;  and 
of  the  large  European  countries,  France  comes  next  with  ^25,232  per 
mile ;  Germany,  ;£'2o,275  ;  Spain,  ;^i8,338 ;  some  of  the  railways  of 
Italy,   ^18,443;   Austro-Hungar>^   ;^i7,554;and   Russia,   ;^i 4,741 - 
Norway  and  Sweden  possess  the  rhea{)est  railway  system  in  Europe, 
with  an  expenditure  of  only  ;^7iii  and  ;^5903  respectively  per  mile; 
whilst  in  the  smaller  European  countries,  the  State  railways  of  Holland 
and  ik'lgium,  and  the  railways  of  Switzerland,  have  been  the  most  costl/j 
reaching  ;£^39,768,  ;^26,245,  ^^id  p{J^2 1,059  per  mile  respectively.    lr» 
India,  which  contains  the  greater  part  of  the  railway  mileage  of  Asia* 
the  expenditure  on  the  whole  of  the  railways  opened,  up  to  the  end  of 

1899,  amounted  to  ;^8o68  per  mile  (taking  the  rupee  at  its  settlecJ 
standard  value  of  is,  ^d.),  the  cost  being  greatly  reduced  by  th^ 
economy  eftected  by  the  metre  and  other  narrow-gauge  lines.'  It^ 
North  America,  the  railways  of  the  United  States  have  cost  ;;^i2,22i 
per  mile,  and  in  Canada  ;^i  1,595  per  mile;  whilst  in  South  America* 

'  Intertiational  Railway  Coft^ess^  BuUctiu^  vol.  xiii.,  1899,  p.  1290. 

-  "  Adminlslralion  Report  on    the    Railways   of  India  for   1899-1900,"  Simli*? 

1900,  part  I,  p.  9. 
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the  expenditure  per  mile  has  been  ^36,860  in  Brazil,  ;£^io,5SS  in 
Argentina,  and  only  ^8285  in  Chili.  In  Africa,  the  railways  of  the 
Cape  Colony  have  cost  ;£^  10,3  69  per  mile ;  and  in  Australasia,  the  cost 
)f  the  railways  per  mile  indicates  considerable  differences  in  the  various 
»Ionies,  being  ^14,443  in  New  South  Wales,  ^^  12,496  in  Victoria, 
^8580  in  Tasmania,  ;;^789S  in  New  Zealand,  jQlZ^A  ^  South 
Australia,  ;^72io  in  Queensland,  and  only  ;;^3937  in  West  Australia,^ 
Q  comparing,  however,  these  expenditures  on  railways,  it  must  be 
K>me  in  mind,  that  most  of  the  railways  in  England  have  a  double  line, 
lod  on  most  of  the  main  lines  for  some  distance  out  of  London,  four 
ines  of  way;  that,  unlike  several  railway  systems  on  the  Continent, 
Imost  the  whole  of  the  railways  of  the  United  Kingdom  have  been 
Bade  heavy  lines  of  the  standard  gauge ;  that  the  main  lines  have  had 
0  be  made  suitable  for  a  rapid  and  heavy  traffic ;  and  that  in  a  thickly 
opalated  country,  the  price  of  land  has  been  high,  and  parliamentary 
xpenses  exceptionally  heavy.  The  cost  of  railways  in  Norway,  New 
^^dand,  and  South  Australia  has  been  reduced  by  the  adoption  of  light 
loes  for  extensions,  with  a  gauge  of  3  feet  6  inches ;  whilst  the  use  of 
tiis  gauge  for  the  railways  of  Cape  Colony,  Queensland,  West  Australia, 
nd  Tasmania,  has  made  the  cost  of  these  railway  systems  lower  than 
be  average. 

The  narrow-gauge  railways  of  West  Australia  alone,  have  been  con- 
tnicted  within  the  limits  of  cost  suitable  for  light  railways  with  a  very 
iwderate  traffic;  but  a  comparison  of  the  total  expenditure  on  con- 
tniction  in  India  per  mile  of  line  open,  on  the  standard  lines,  the 
netre-gauge  lines,  and  the  narrow-gauge  lines,  amounting  to  ;^i 0,388, 
^4848,  and  ;;^2i58  respectively,  or  per  mile  of  single  track,  ^^^"80 14, 
^4283,  and  ^2041,  shoi¥S  what  a  great  economy  can  be  effected  in 
^truction  by  reducing  the  gauge  and  modifying  the  character  of  the 
^Iway.  The  standard  railways  of  Belgium  have  cost  about  ;^2 6,245 
^  mile,  about  the  same  as  in  France ;  but  the  metre-gauge  light  rail- 
'^ys,  laid  with  43-lb.  rails,  have  been  constructed  for  about  ;£^27oo  per 
^ile.  The  State  Railways  of  Sweden,  with  a  length  of  2031  miles,  cost 
68215  per  mile ;  whilst  the  3866  miles  of  light  railways  constructed 
*y  private  companies,  portions  of  which  are  laid  to  narrow  gauges 
'inging  between  4  feet  and  i  foot  ii|  inches,  have  only  cost  £ato^ 
^f  mile;  and  some  of  the  lines  laid  with  35-lb.  rails  to  a  narrow  gauge, 
•^ve  only  cost  about  ;;^20oo  per  mile. 

Individual  lines  necessarily  vary  considerably  in  their  cost  of  con- 
action,  according  to  the  character  of  the  country,  the  kind  of  traffic 
•^thas  to  be  provided  for,  and  the  terms  upon  which  the  capital  is 
^ised,  so  that  occasionally  a  nominally  light,  or  narrow-gauge  railway 
^ts  more  than  a  standard  railway  constructed  under  more  favourable 
^itions.  Thus  the  Festiniog  narrow-gauge  railway,  14  miles  long,  has 
evolved  a  capital  expenditure  of  about  ;^i 0,800  i)cr  mile  ;  but  it  carries 
^ery  heavy  traffic  from  the  Welsh  slate  (luarries,  and  passing  through 
mountainous  district,  it  has  been  solidly  built  and  laid  with  50-lb. 

'  Inteniational Railway  Congress,  BulleHn,  V(>1.  xiii.,  1 899,  p.  1 29 1. 
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nils,  and  it  is  very  well  equipped.  The  cost,  however,  of  the  SouthwoW 
Railwiy,  9  miles  long,  with  a  3-feet  gauge,  through  flat  country,  ani 
devoid  of  mineral  traffic  except  coals  for  local  consumption,  wbkh 
amounted  to  ^^8500  per  mile,  must  be  attributed  to  financial  op^tioos 
and  the  onerous  r^ulations  of  the  Board  of  Trade.  Very  few,  indeed, 
of  the  light  and  narrow-gauge  railways  carried  out  in  Great  Britain  before 
1S96,  have  been  constructed  for  a  capital  expenditure  of  less  than 
^5ocx>  a  mile,  and  only  four  in  Ireland.^  The  cheapest  of  these  are 
the  Corns  RaiUay  in  North  Wales,  11  miles  long,  with  a  gauge  d 
2  feet  3  inches,  which  cost  only  ^^1814  per  mile;  the  Talyllyn  Rail- 
way, 6^  miles  long,  with  the  same  gauge,  which  cost  jQii/^^  per  mile; 
the  Torrington  and  Marland  Railway  in  Devonshire,  8  miles  long,  widi 
a-3-feet  gauge,  which  cost  ^£^2500  per  mile;  the  Clogher  Valley 
Railway,  37  miles  long,  with  a  3-feet  gauge,  costing  ^£^3286  per  mile; 
and  the  mono-rail  Listowel  and  Ballybunion  Railway,  9  miles  long, 
costing  ^3666  per  mile.  The  light  railway  also  from  Barnstaple  to 
L>*nton,  with  a  gauge  of  i  foot  iif  inches,  opened  in  1898,  cost  aboot 
^^26 1 4  per  mile. 

Though  the  secondary  and  light  railways  of  France,  carried  out  by 
State  aid,  have  for  the  most  part  proved  costly  undertakings,  some 
narrow-gauge  lines  have  been  constructed  cheaply,  as  for  instance  the 
Caen,  Dives,  and  Luc-sur-mer  Railway,  2^\  miles  long,  having  a  2-feet 
gauge  laid  with  30-lb.  rails  riveted  to  steel  sleepers,  which  cost  £2Ul 
per  mile,  and  the  Pithiviers-Torcy  Railway,  19  miles  long,  and  Itid 
along  the  side  of  the  high-road  to  a  2-feet  gauge,  but  with  only  19-Ib. 
rails,  which  cost  ;^iS5i  per  mile.* 

The  Anglo-Chilian  Nitrate  Railway  from  Tocopilla  to  Toco,  a 
distance  of  55  miles,  through  very  rough  country,  laid  with  40-lb.  rails 
10  a  gauge  of  3  feet  6  inches,  with  a  ruling  gradient  of  i  in  25  and 
our>os  of  181  feet  radius,  and  rising  with  the  aid  of  loops  and  switch- 
lucks,  4847  feet  in  a  distance  of  33I  miles,  cost  approximately  £l^1 
|vr  mile,  a  moderate  expenditure  through  such  difficult  country.* 

Light  Railways  in  the  United  Kingdom. — The  extension  of 
Hjiht  railways  in  the  United  Kingdom  has  been  very  greatly  restricted 
by  the  largo  cost  of  most  of  the  light  lines  constructed  under  the  regu- 
lations in  force  pre\nously  to  1896;  but  the  passing  of  the  Light  Rai|* 
ways  Act  in  that  year  has  greatly  encouraged  schemes  for  their 
ov^nstruciion,  several  of  which  have  been  authorized.  The  estimated 
i  ost,  however,  of  many  of  these  lines  appears  to  be  hardly  low  enougb> 
o\ooi^  under  specially  favourable  conditions  of  traffic,  to  ensure  ^^ 
tinanoial  success  needed  to  encourage  the  further  extension  of  these 
railways,  so  as  to  develop  fully  the  resources  of  the  country,  and  provide 
as  cheap  carriage  for  goods  and  produce  as  is  secured  for  some  of 
the  continental  countries  of  Europe  by  the  fostering  care  of  their 
rtovornmonts. 

*  'M.ijjht  Railwa\'s  for  the  United  Kingdom,  India,  and  the  Colonics,"  J.  C 
M;\ckay»  pp.  96  and  106. 

*  J^'  (/V«i>  CV?i7,  1894,  vol.  XXV.  p.  169. 

'  JViS^ift^vf  Jnst  C,E,,  vol.  cxv.  pp.  327  and  331. 
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Though  a  departure  from  the  standard  gauge  has  generally  been 
discouraged  in  Great  Britain,  especially  by  the  principal  railway  com- 
puies,  and  the  broad-gauge  lines  of  the  Great  Western  Railway  were 
cmferted  to  the  standard  gauge  in  1893,  whilst  some  of  the  light  rail- 
nys  in  England  and  Ireland  have  been  laid  to  the  ordinary  gauge, 
nerenheless  various  gauges  have  been  adopted  for  some  of  the  short 
light  lines  in  England  and  Wales,  as  shown  by  the  accompanying 
table,'  giving  the  gauges  of  the  railways,  with  their  lengths,  in  the 
United  Kingdom  in  1900  : — 


Seven  miles,  however,  of  a  4-feet  gauge  in  Scotland,  for  the  Glasgow 
District  Railway,  and  410  miles  of  3-feet  gauge  in  Ireland,  are  the  only 
deviations  from  the  standard  gauges  in  those  countries.  The  3-feet 
gitige  is  by  far  the  commonest  narrow  gauge  in  the  United  Kingdom, 
Dving  to  its  extensive  adoption  for  the  narrow-gauge  ordinary  (191 
miles)  and  narrow-gauge  light  railways  {219  miles)  of  Ireland;  whilst 
unongst  the  short  narrow-gauge  railways  in  England  and  Wales,  the 
guge  which  has  been  most  used  is  i  feet  11^  inches,  laid  for  a  length 
o[  50  miles. 

Mono-rail  Railway  on   the  Lartlgne  System. — The  single 
doable-headed  rail  of  the  Lartigue  System  (Fig.  165)  is  supported  on 


^T^V5^^B^^SwSBS?sr 


*''gl^i^on  trestles,  about  3  feet  above  the  ground ;  and  these  trestles, 
P'*«d  about  3  feet  apart,  carry  a  guide  rail  on  each  side,  about  18 

"Rulway  Returns  for  England  and  Walts,  Scolland,  and  Ireland,  for  Ihc  year 
W '  London,  1901,  pp.  v,  78,  80,  81,  and  84. 
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.>:he<  below  the  main  rail,  to  maintain  the  vehicles  in  position.  The 
cami*:cs  of  the  train  extend  do^^nwards,  like  panniers,  on  each  side  ot 
:-T  tresies,  being  l^Linced  on  the  central  rail  along  which  they  travel 

On  ihe  Liston-el  and  Ballybunion  Railway  in  Ireland,  9  miles  long, 
j::K:r*e  in  iSSS.  the  trestles  are  fastened  to  steel  sleepers  resting  on 
»->xkn  sleepers  :  and  a  mo\"able  length  of  trestlework  has  to  be  shifted 
I.-'  rrurle  the  train  to  change  its  line,  and  has  to  be  turned  out  of  die 
»jiy  :o  oj:^n  a  passage  for  vehicles  at  a  level  crossing.  This  line,  whidi 
rA<  curvts  of  only  a  chain  radius,  gradients  up  to  i  in  45,  and  cost 
X.  5:'^o  r^r  mile  ^iih  rolling-stock,  is  worked  by  locomotives,  having  a 
:  .  :lir  xr.d  fannel  on  each  side  of  the  central  rail  to  maintain  the 
:aLince  :  whilst  the  driver  and  stoker  have  to  stand  on  opposite  sides  of 
:r.r  n:!.-  The  system  was  first  used  as  an  elevated  horse  tramroad,  for 
;r.e  :rjr^rort  of  produce  in  .\lgeria,  where  surface  rails  are  liable  to  be 
':  urrec  ir*  drlKs  of  sand ;  and  since  the  successful  application  of  loco- 
r::c»:;\  es  tor  working  the  s>*stem  in  Ireland,  short  mono-rail  lines  ha\*e 
'r^itr.  o.-^nsiructed  in  France,  Russia,  and  Peru. 

Tr^e  maximum  ordinar}*  speed  attained  on  the  Ballybunion  line  is 
."^r.'y  from  24  to  30  miles  an  hour;  but  in  some  trials  with  electric 
:rjLc::on  on  an  experimental  line  near  Brussels  in  1897,  a  maximum  speed 
.^:'  jb  .^u:  oc  miles  an  hour  was  reached,  the  limit  that  could  be  obtained 
«::h  :he  power  a^-ailable.     Asa  result  of  these  experiments,  the  con- 
>:ru.":on  of  a  mono-rail  line  between  Liverpool  and  Manchester  has 
Voi".  .xurhori.ed,  to  be  worked  by  electricity,  for  providing  an  express 
yasserSjior  >er\-ice  with  an  estimated  speed  of  about  no  miles  an  hour. 
A  <:xv:al  ad\-antage  of  the  mono-rail  system  for  running  safely  round 
ov.rv  e<  a:  a  ver}-  high  speed  is  that,  besides  doing  away  with  the  differ- 
;"v:c  in  curvature  of  the  two  rails  of  an  ordinary  line,  the  centre  0^ 
^r.i\  ::y  of  the  train  can  be  placed  well  below  the  rail  on  which  the  trail* 
T-,:r.>,  .uk:  thus,  with  the  aid  of  the  inner  guide  rail,  secure  the  train  froip 
,i*.*.v    vuv.^cr  of  leaving   the   rail,   though  a   considerable   pressure  ^^ 
".:•' .vscv.  v>n  the  inner  guide  rail  by  a  train  in  rounding  a  sharp  cune. 

Suspended  Gars  on  elevated  Mono-raiL — A  novel  form  ^ 
r,i:*.w,;y,  completed  in  1900,  passing  through  Barmen,  Elberfeld,  an^ 
:  •*.;'•.:  suVurbs,  in  Rhenish  Prussia,  8}  miles  long,  is  carried  on  girded 
•vs:i:u  0:1  e'.e\-aied  frames,  placed  about  95  feet  apart,  erected  over  tb 
N;\tr  W;:pj^r  for  6}  miles,  whose  course  is  followed  by  the  railway  SO 
:'v.>  vV.s:a:Hx\  and  over  streets  or  roads  for  the  remainder  of  its  length 
..:v*..-r  \\hioh  the  cars  travel,  hung  from  trollies  running  on  a  single  rai 
.Vx*.  v^n  the  top  of  the  girder,  as  shown  by  the  illustrations*  (Fig.  i66y 
I :  ■<  railway  is,  accordingly,  both  an  elevated  line  suitable  for  affordini 
'.\;"\;  v.uans  of  communication  through  crowded  towns,  and  also  a  ne* 
\^::v.  v^:"  monivrail  railway,  adapted  for  electric  traction  at  a  fairly  quid 
^.\v\:  :o;:r.d  shar|>  curves,  and  in  which  the  centre  of  gravity  of  th< 
n.nvv.uUv.  cars  is  coniiderablv  below  the  elevated  rail  on  which  the] 

c/  .-V^T*;.»*.  vol-  Ixii,  p.  223. 
"  l.'.jT":  Kaiiwux-s  for  the  United  Kingdom^  India,  and  the  Colonies,"  J.  C 
N'..u'K.;\.  -.^  IQ4.  and  plate  xxii. 

>'\<i«..i^'7^/.  Toi.  Ixix.  pp.  412,  438,  and  501. 
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run,  The  chief  peculiarilies  of  ihe  lipe  are  Ihe  adoption  of  the  course  ' 
nf  ihe  rirer  for  the  line  of  the  railway  for  a  considerable  length,  and  the 
nispensian  of  the  cars  from  a  mono-rail.  The  maximum  gradient  is 
I  in  ij ;  the  sharpest  curves  on  the  regular  line  have  a  radius  of 
^\  chains ;  and  the  speed  is  limited  to  31  miles  an  hour.  The  trains 
UMiist  of  two  10  four  cars,  each  car  being  37I  feet  long,  6|  feet  wide, 
ud  weighing  14  Ions  with  its  load  of  50  passengers,  suspended  from 
t«o  bogies  36  feet  apart,  each  running  on  two  landetn  wheels,  35  inches 
^^Auneler,  on  tlie  rail.     Each  car  carries  its  own  motor  overhead ;  and 


'  *W«ves  a  rlear  headway  of  14^  feet  above  the  roadway.  The  stations 
in  this  line  are  only  about  two-fifths  of  a  mile  apart ;  but  the  average 
»p«d,  including  stopjrages.  is  about  20^  miles  an  hour. 

U^t  Railways  in  Belgiom.- — Narrow-gauge  light  railways  have 
''ccnmore  .■ty ste ma ticaliy  developed  in  Belgium  since  1885,  considering 
"s  small  area,  than  in  any  other  country.  These  railways  are  con- 
irucied  and  worked  by  a  special  company,  the  necessary  funds  being 
wbKiibed  by  the  State,  the  Provinces,  ajid  the  Communes,  aided  to 
*  mull  extent  by  private  individuals.  Of  these  railways,  amounting 
*'Uij|Hher  lo  about  a  thousand  miles  in  length,  more  than  three-fourths 
»fe|aid  to  the  metre  gauge  ;  and  of  the  remainder,  most  have  been  laid 
'^  *  giiugc  of  3  feet  6  inches,  the  gauge  of  the  Dutch  light  railways, 
"•uig  10  their  proximity  to  Holland,  and  the  consequent  prospect 
'''*^i fonning  connections  urith  its  light  lines;  whilst  small  lengths  of 


I 


ways,  ^^H 

of  ^^1 

>fthe:^H 
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iyi  h&Tc  been  laid  to  the  standard  gauge,  where 


z*znj=z  \^  aT»i  izanshipmenL^  They  have  been  laid  for 
iD.-^  pan  zl*:c£  rue  ro&ds,  though  where  the  roads  are  paved, 
c.i.T^:is«f  2s  cvcs^ienrlv  iDcreased :  but  in  some  cases  land  has  b 
id  ?:c  ±«  icrxse.  The  elevation  of  the  outer  rail  for  si 
c  rjOhis.  is  entered  by  lowerii^  the  mner  rail  as  well  as  rai 
so  as  :o  keep  the  centre  of  the  track  level  with  the  re 
.K  iikf  5CIKC  15  Iznhec  xo  iSi  miles  an  hour  in  the  country,  wl 

12^  1?  246  feet,  and  to  6\  miles  an  hour  throu^  ta 


■-  isxrp  c^rT>e$  are  ofien  necessar\',  the  ele\'ation  required  is 
tA^^fssr^*:.  Tbese  railwa3rs  in  Belgium,  which  are  being  contini 
;  vt-coc\i  bare  rrovec  on  the  whole  iinanciallv  successful :  and 
bi"*^  "re^tn  vtry  vihsible  in  conveying  crops  and  market-garden  pro( 
:^  z^irkec  asc  riereby  stimulating  their  production,  as  well 
:c=:«:  ±)e  coer  resources  of  the  districts  through  which  they  ] 
c  fiirr^scir^  a  cheap  means  of  transit  for  the  population. 

U^t  Rulwrnys  in  India. — In  spite  of  the  objections  ra 
r\  sc  simy  er^lzxeis  in  1S73  to  the  break  of  gauge  involved  in 
aiorcx:  c>e  r«  saetre  gauge  for  the  secondar}*  railways  of  India,'  tl 
"jr^i-s  r-ire  been  so  extensively  constructed  since  that  period,  that  1 
ssfeci:  likely  before  losw:  to  equal  the  standard-gauge  railways  in  mile 
A:  i.>e  e^^i  01  March,  1900,  there  were  13,670  miles  of  railway  ope 
rx:  scirxiird  gauge,  9496  miles  of  the  metre  gauge,  and  597  mile 
s?^«il  ga-j^es :  whilst  the  railways  in  construction  or  sanctioned,  at 
ur:e  r^r.vxi.  of  ihese  gaixges,  were  814  miles,  1992  miles,  and  220  nr 
:^^;vct:\>rly.*  Considering  the  remarkable  economy  in  construe 
i  :Sxtec  by  the  adoption  of  the  metre  and  other  narrow  gauges  in  In 
^>  recorded  on  page  265,  it  is  evident  that  if  the  Government  of  Ii 
hjid  dcrcrrec  to  the  arguments  pressed  upon  them  against  a  breal 
gauge,  :he  railway  s>-stem  of  India  would  have  been  of  necessity  gre 
T^^r.vted,  and  some  of  the  railway's,  such  as  the  Darjeeling  Raili 
ovx:ld  not  have  l>een  carried  out.  The  financial  results  of  railway  ( 
>:r,:vt:vxi  m  India,  exhibit  very  clearly  the  value  of  supplementing 
r.uir.  standard  lines  of  a  countr>-  by  light  narrow-gauge  lines,  penetra 
::^;o  the  more  sparely  populated  and  less  accessible  districts,  and  ser 
.IS  \er>*  useful  feeders  of  traffic  to  the  main  lines. 

The  statement  made  by  Mr.  Thornton  of  the  India  Office,  in 
r,iixr  on  "  The  Slate  Railways  of  India  "  in  1873,  ^^^  ^^^  construe 
of  lo.coc  miles  of  railways  in  India  was  contemplated  by  the  Gov 
uioni»  in  addition  to  the  5000  miles  at  that  time  open  or  in  progres: 
V  omplcve  the  railway  system  of  India,  was  so  strongly  contested  in 
discusjiion  on  the  paper,  that  he  eventually  admitted  that  it  was  an  0 
oscimate,  and  that  only  3000  miles  of  the  10,000  miles  referred  to 
bcxMi  actually  marked  out.*     Nevertheless,  in  1900,  twenty-seven  y 

'    k* '  ^- "v^'wAT-,  vol.  Ixxix.  pp.  259,  279,  and  325  ;  and  vol.  Ixxxvi.  p.  204. 
■  /y.wnitm^'s  /nst,  €,£.,  vol.  xxxv.  pp.  229  to  438. 

»    *  Adminisiraiion  Report  on   the   Railways  in  India  for  1800-1900,'*  Si 
1900,  |virt  I.  p.  3.  '  ^^     ^^^* 

•  J\vc^tdinjff  /mst,  C.E.,  vol.  xxxv.  pp.  214,  217,  and  45a. 
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later,  not  only  -had  an  additional  length  of  about  8670  miles  of  lines 
of  standard  gauge  been  constructed,  and  814  miles  more  were  in 
progress  or  sanctioned,  but  in  place  of  the  10,000  miles  of  narrow- 
gauge  railways  which  Mr.  Thornton  advocated,  10,093  miles  had 
already  been  opened  for  traffic,  and  2212  miles  more  were  in  progress 
or  sanctioned. 

Extent  and  Progress  of  the  Railways  of  the  World. — 
According  to  the  bulletin  of  the  International  Railway  Congress,  the 
Mlowing  are  the  miles  of  railways  in  the  five  quarters  of  the  world, 
wbkh  were  open  for  traffic  at  the  end  of  1897,  the  increase  in  these 
lo^ths  during  the  four  preceding  years,  and  the  percentage  of  the  whole 
kogths  this  increase  represents  in  each  case  ^ : — 


Qnvtcr  of  the  ^be. 


Railways  open  in  1897. 


Increase  between  1893       Percentage  of  in- 


and  1897. 


crease. 


Mi^s. 

Miles. 

Per  cent. 

Euope    .... 

163.514 

15,328 

IO*3 

Anerict  .... 

236,364 

12,143 

5*4 

An 

30,922 

6,692 

27*6 

Afioca      .... 

9,910 

2,218 

287 

Aostnlasia     .     .     . 

I4»3«> 

1,128 

8-5 

Totals     .     .     . 

455.010 

37,509 

8-9 

These  figures  show  that,  though  America  possesses  considerably  the 
largest  railway  mileage,  the  increase  during  recent  years  has  been  greater 
in  Europe.  Moreover,  whilst  the  recent  additions  to  the  railways  of 
Asia  and  Africa  are  large  in  proportion  to  their  previously  existing 
mileage,  Asia  with  only  ahout  10,600  miles  of  railways  outside  India, 
and  Africa  with  barely  10,000  miles  of  railways,  offer  vast  fields  for 
feme  railway  enterprise,  considering  the  very  extensive  areas  comprised 
in  these  two  quarters  of  the  globe,  and  the  large  natural  resources  in 
Ml  these  regions  awaiting  development. 


'  Intematumal  Railway  Congress ^  Bulletin^  vol.  xiii.,  1899,  P-  1289. 


CHAPTER    XVII. 
MOUNTAIN   RAILWAYS. 

Definition  of  mountain  railways — Limit  of  gradient  for  adhesion  alone- 
System  adopted  for,  steep  inclines,  centeai  rail,  rack,  cable — Central- 
rail  system ;  as  designed  for  crossing  the  Mont  Cenis ;  on  the  Canta- 
gallo  Railway ;  on  the  Rimutaka  Incline,  New  Zealand — Ladder-rack 
railways  :  first  rack  incline  ;  Mount  Washington  Railway  ;  Vitmau-RigJ 
Railway ;  gauge,  gradients,  curves,  and  cost  of  various  lines  laid  with 
ladder-rack — Double  side-rack,  on  Pilatus  Railway — Flat  bar  rack,  tbin 
single  bar;  Telfener  thick  single  rack,  on  St.  Ellero-Saltino  Railwayi 
advantages — Stnib  rack,  on  Jungfrau  Railway — Abt  rack,  descriptioni 
advantages ;  particulars  of  railway  laid  with  Abt  rack ;  instances  of 
these  railways  worked  by  electricity — Racks  on  steep  inclines  for 
extension  of  railways,  importance  of  system  in  conjunction  with  ordinary 
railways ;  steep  incline  with  rack  at  Trincheras  in  Venezuela,  and 
Usui  Railway  in  Japan  ;  rack  on  steep  gradients  of  ordinary  railways^ 
instances  of  lines  worked  by  adhesion  and  by  rack  ;  ratio  of  weight  of 
locomotive  to  load  drawn — Remarks  on  rack  railways,  superiority  of 
Abt  rack  ;  central-rail  and  rack  systems  contrasted  ;  value  of  rack  for 
extending  railways  in  mountainous  districts,  reference  to  Chamonix 
Railway. 

Definition  proposed  for  Mountain  Railways. — Though  railways 
] Kissing  through  mountainous  districts,  with  heavy  works  and  steep 
gradients,  such  as  the  Brenner,  the  Mont  Cenis,  and  the  St  Gothari 
railways,  are  sometimes  called  mountain  railways,  the  term  "  mountain 
railway"  might  with  advantage  be  restricted  to  those  lines  on  which 
other  modes  of  traction  have  to  be  resorted  to,  beyond  the  mere 
adhesion  of  heavy  locomotives  to  the  rails,  on  account  of  the  very 
steep  gradients  necessitated  by  an  exceptionally  rugged  country,  oi 
tlie  considerable  heights  which  have  to  be  surmounted  in  a  limited 
distance. 

A  ruling  gradient  of  i  in  25  was  adopted  for  the  railway  ascendinj 
from  Vera  Cruz  to  Mexico,  rising  nearly  8000  feet  in  the  first  hundiec 
miles  to  reach  the  high  central  plateau,  and  for  a  branch  lin^  of  tin 
Denver  and  Rio  Grande  Railway,  ascending  3675  feet  in  25  miles  t( 
attain  the  summit  of  the  Marshall  Pass,  having  an  altitude  of  io,8s< 
feet  above  sea-level ;  and  the  same  ruling  gradient  was  maintained  fo 
the  Peruvian  railways  surmounting  the  steep  Pacific  slopes  of  the  Andes 
more  especially  the  Oroya  Railway  which  mounts  from  the  seacoast  a 
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Ilao,  the  port  of  Lima,  to  a  summit-level  of  15,645  feet  in  a  length  of 
4j  miles.  This  gradient  of  i  in  25  may,  indeed,  be  regarded  as  the 
«pest  gradient  up  which  regular  trains  are  commonly  drawn  by  the 
38t  powerful  locomotives  by  adhesion  alone.  Accordingly,  when 
jcpcr  gradients  have  been  deemed  necessary,  owing  to  the  peculiar 
uacter  of  the  country,  the  nature  of  the  elevation  to  be  surmounted, 
special  economical  considerations,  other  systems  have  been  resorted 
for  facilitating  the  ascent 

BTstems  adopted  for  surmounting  Steep  Inclines. — The 
ost  important  cases  are  where  steep  inclines  are  introduced  in  places 
I  an  ordinary  railway,  for  surmounting  which,  two  systems  have  been 
iployed,  namely,  the  Fell  system,  with  a  central,  elevated,  double- 
aded  rail  laid  sideways,  which  is  gripped  by  horizontal  wheels  on 
di  side,  which  greatly  augment  the  adherence,  and  the  Riggenbach, 
lyt,and  other  systems,  wiUi  central  racks,  in  which  cog-wheels  work, 
le^y  the  adhesion  of  the  ordinary  driving-wheels  is  greatly  assisted  in 
awing  a  train  up  the  incline,  and  die  descent  of  the  train  is  kept  under 
otrol.  In  tourist  lines  ascending  the  steep  sides  of  mountains  for 
e  sake  of  the  views,  a  cog-wheel  working  in  a  central  rack  is  generally 
ed  as  the  sole  means  of  propulsion  up  the  inclines.  Lastly,  where 
e  ascent  is  steep,  straight,  and  fairly  short,  a  cable  is  employed  for 
uliDg  up  the  vehicles,  resembling  in  principle  the  inclines  worked  by 
pes  in  mines,  a  system  which  has  also  occasionally  been  adopted  for 
iep  inclines  on  ordinary  railways. 

Central-rail,  Fell  System. — The  central-rail  system  was  first 
bpted  for  crossing  the  Mont  Cenis  pass,  by  a  railway  laid  mainly 
mg  the  road  between  St.  Michael  and  Susa,  a  distance  of  48  miles, 
ving  a  gauge  of  3  feet  7f  inches,  and  surmounting  a  difference  of  level 
5300  feet  between  Susa  and  the  summit,  with  a  total  variation  in  level 
tween  its  termini  of  about  9900  feet.*  The  ruling  gradient  was  i  in  12, 
e  average  gradient  about  i  in  17,  and  the  central  rail,  raised  7^  inches 
mt  the  ordinary  rail-level,  was  laid  along  all  gradients  exceeding 
in  25 ;  whilst  the  minimum  radius  for  the  curves  was  2  chains.  The 
eatest  train  load  carried  over  the  Mont  Cenis  Fell  Railway,  was  36 
ns;  and  the  heaviest  locomotives  employed  on  it  weighed  26  tons. 
I  this  system,  the  grip  of  the  horizontal  wheels  on  the  central  rail,  not 
erdy  secures  sufficient  adherence  to  mount  steep  inclines,  but  also 
rvcs  as  a  very  effective  brake  in  the  descent,  and  keeps  the  locomotive 
mly  on  the  line  in  going  round  sharp  curves. 

On  the  Cantagallo  Railway  in  Brazil,  to  which  the  plant  of  the  Mont 
aiis  line  was  sent  on  the  closing  of  that  line  when  the  tunnel  was 
Jened  in  187 1,  an  incline  of  i  in  12,  having  a  length  of  6^  miles,  was 
)rked  satisfactorily  on  the  same  gauge  round  curves  of  2  to  5  chains 
dius  by  the  same  system  for  several  years;'-  but  some  years  ago, 
ildwin  locomotives,  weighing  45  tons,  were  substituted,  which  draw 

*  ProatdinFS  Inst,  C,E,,  vol.  xcv.  p.  252. 

^  R^t  of  the  British  Association,    1870,   Liverpool  Meeting,  Transactions   of 
ttioni,  p.  216. 
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up  a  load  of  40  tons,  at  a  speed  of  about  8  miles  an  hour ;  though  the 
central  rail  continued  to  be  used  for  applying  the  brake  on  the  descent* 
The  Rimutaka  incline,  on  the  Wellington  and  Featherston  RaSfUj 
in  New  Zealand,  with  a  gradient  of  i  in  15  for  2^  miles,  and  a  total  rise 
of  869  feet,  opened  about  1879,  having  a  gauge,  like  the  rest  of  the 
railway,  of  3  feet  6  inches,  and  cur\'es  of  5  chains  radius,  was  laid  with  a 
central  rail  (Fig.  167) ;  and  the  traffic  on  the  incline  hieis  been  worked 


CENTRAL  RAIL.    FELL  SYSTEM. 
Fig.  167.— Rimutaka  Incllna.  Naw  Zaaland. 
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continuously  by  locomotives  with  horizontal  wheels  gripping  the  central 
rail.^  Each  engine,  weighing  about  36  tons,  can  draw  a  maximum  train- 
load  of  70  tons  up  the  incline ;  and  in  order  to  avoid  an  undue  strain  on 
the  draw-bars,  the  three  engines  employed  for  taking  up  a  heavy  train, 
are  so  distributed  between  the  carriages  as  to  enable  each  to  draw  its 
own  load.  The  moderate  speed  of  about  5  miles  an  hour,  has  been 
adopted  for  drawing  the  trains  up  the  incline,  in  order  to  prevent  undne 
wear  and  tear,  to  economize  fuel,  and  to  increase  the  security  of  the 
traffic.  The  system  has  proved  very  safe  and  satisfactory,  and  remark- 
ably well  adapted  for  running  round  sharp  curves ;  whilst  the  saving  in 
cost  of  construction  by  adopting  the  incline  on  tliis  particular  railway, 
instead  of  a  more  circuitous  course  to  obtain  flatter  gradients  readily 
surmounted  by  ordinary  locomotives,  was  estimated  at  ;;^ioo,ooo,  or 
;^5ooo  a  year  at  the  rate  of  interest  charged  on  loans  in  the  colony. 

Ladder- rack  for  Mountain  Railwaya — Since  the  opening  of 
the  Mount  Washington  Railway,  with  a  central  rack,  in  1869,  numerous 
rack  railways  have  been  constructed  in  Switzerland  and  other  mountainous 
districts,  in  which  the  most  important  differences  have  been  the  modifica- 
tions adopted  in  the  rack,  combined  also  with  variations  in  the  steepness 
of  the  greatest  inclination  surmounted,  depending  on  the  conditions  of 
the  site,  in  the  gauge  selected,  and  in  the  limiting  curves  resorted  ta 

A  solid,  central  rack  was  introduced  for  the  first  time  in  1847,  on  an 
incline  of  the  Madison  and  Indianaix)lis  Railway  of  standard  gauge,  in 
the  United  States  near  Madison,  which  is  i^  miles  long  with  gra^ents 
of  I  in  1 6^  to  I  in  1 7  ;  for  the  most  powerful  Baldwin  locomotives  of 

*  Praceediftgs  Inst.  C,E„  vol.  xcvi.  p.  175. 

'  IHd.,  vol.  Ixiii.  p.  52,  and  plate  4;  and  vol.  xcvi.  p.  137. 
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Lhat  penod  could  only  draw  two  cars  up  this  incline.'  Trains  were 
Innt  ii[i  the  incline  by  special  locomotives,  carrying  a  cog-wheel 
working  in  the  rack,  from  1847  up  to  1868,  in  which  latter  year  the 
ntck  system  was  abandoned  in  favour  of  Baldwin  locomotives,  each 
weighing  50  tons,  having  five  pairs  of  wheels  coupled,  and  capable  of  ' 
dnnii^  a  load  of  cars  and  coal,  weighing  137  tons,  up  the  incline  at 
the  Rite  of  6  miles  an  hour. 

The  rack  railway,  however,  which  was  the  precursor  of  the  numerous 
Swiss  mountain  railways  for  tourists,  was  the  line  of  ordinary  gauge, 
3  miles  in  length,  constructed  up  to  the  top  of  Mount  Washington  in 
New  Hampshire  in  1866-69,  rising  altogether  a  height  of  3600  feet, 
*itfa  1  ruling  gradient  of  i  in  3,  and  curves  having  a  minimum  radius  of 
jjchaina.*  The  rack  in  this  case  was  formed  in  lengths  of  10  feet,  with 
two  parallel  angle-irons,  4  inches  apart,  connected  by  a  series  of  round, 
"lought-iron  bars  constituting  the  teeth  of  the  rack,  which  resembles  a 
tsdiJer  laid  on  the  ground.  The  locomotives,  provided  with  a  central 
cog-wheel  working  in  the  ladder-rack,  draw  the  vehicles  up  the  mountain 
II  a  rate  of  about  3  miles  an  hour. 

The  first  rack  railway  carried  out  in  Europe  up  a  mountain  slope, 
•as  the  Vitznau-Rigi  Railway,  constructed  from  Vitznau,  on  the  Lake 
pf  Lucerne,  to  the  summit  of  the  Rigi  in  1869-73,  rising  4472  feet  in 
in  course  of  4^  miles,  with  a  ruling  gradient  of  i  in  4  for  about  a  third 
of  its  length,  and  never  less  than  i  in  6  except  at  the  stations,  together 
•ilfi  curves  of  8i  chains  radius.'  The  wrought-iron  rack  is  of  the  open 
hdder  form,  but  with  trapezoidal  bars  in  place  of  round  ones,  affording 
1  wider  bearing  to  the  cogs  of  the  driving-wheel  (Fig.  168,  p.  276) ;  but 
fte  wear  of  these  bars  has  been  greater  than  with  the  round  ones  ;  and 
rtcn  one  or  two  bars  are  broken,  a  ro-feet  section  of  rack  has  to  be 
tenewed.  The  line  is  laid  to  the  standard  gauge ;  the  rack  and  rails  are 
kepi  rigidly  in  place  by  cross  sleepers  fastened  to  longitudinal  timbers; 
<fld  the  whole  framing  is  prevented  from  sliding  gradually  downhill,  by 
Iwiig  secured  at  intervals  to  masonry  foundations  built  firmly  into  the  rock 
ot  tolid  ground.  By  means  of  spur  gearing  on  the  locomotive,  actuating 
ihc  axle  of  the  central  cog-wheel  on  each  side,  the  power  of  the  driving 
Cog-wheel  is  increased,  and  a  low  speed  maintained.  The  locomotive 
0"  these  mountain  lines  is  always  placed  below  the  carriages,  so  as  to 
push  them  up  the  inclines  and  control  their  descent,  the  speed  of  the 
UiiiiB  on  the  Rigi  line  being  limited  to  between  3  and  4  miles  an  hour, 
"wing  to  the  steep  gradient,  a  vertical  boiler  was  in  the  first  instance 
[irovided  for  the  locomotives;  but  subsequendy  on  this  railway,  as  well 
l>  on  the  more  recent  mountain  lines,  boilers  bave  been  adopted  which 
»re  horiiiontal  when  the  locomotives  are  on  the  average  incline.  The 
driving  cog-wheel,  and  the  other  cog-wheels  fitted  to  the  locomotive  and 
carriages,  are  furnished  with  powerful  brakes  which,  when  applied,  keep 
:hc  cogs  firmly  eng^cd  in  the  rack,  so  as  to  arrest  the  descent  of  the 
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train ;  and  an  air-brake  acting  on  the  piston  of  the  locomotive,  serves 
to  ra^olate  the  downward  speed.  Strong  hooks  attached  under  tk 
locomocive  aiKi  carriages,  encircle  the  top  flange  of  each  side-piece  of 
the  rack,  and  thus  secure  the  train  from  leaving  the  rails  or  being  blow 
over  by  the  wind  (Fig.  168). 

Several  other  mountain  railways  have  since  been  constructed  with* 
similar  rack,  known  as  the  Riggenbach  rack,  to  surmount  very  similar 
^xidients^  but  for  the  most  part  laid  to  narrower  gauges  and  with  sharper 
curves,  thereby  cheapening  the  cost  of  construction.     The  Arth-Rigi 


LADOER^ACK. 
FIc.  16&— Rigi  Railway. 
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Railway,  5^  miles  long,  with  a  rise  of  4360  feet,  and  a  maximum 
gradient  of  i  in  5,  opened  in  1875,  is  laid  to  the  standard  gauge;  but 
the  Drachenfels  and  Riidesheim-Niederwald  railways  in  Germany. 
i)l>oned  in  1884,  and  the  Salzburg-Gaisberg  Railway  in  Austria,  opened 
in  1887,  having  ruling  gradients  of  i  in  5,  i  in  5,  and  i  in  4,  and  cun'^ 
of  10  chains,  15  chains,  and  7^  chains  radius  respectively,  are  laid  to 
the  metre  gauge  with  iron  cross  sleepers;  whilst  the  Schynige-Plattc 
ami  Wengem-Alp  railways  in  Switzerland,  opened  in  1893, 4f  loilesand 
11^  miles  long,  and  rising  4593  feet  and  4150  feet  respectively,  witii » 
maximum  gradient  of  i  in  4,  and  sharpest  curves  in  the  latter  case  of 
^^  chains  radius,  are  laid  to  a  gauge  of  80  centimetres,  or  2  feet  7  j^  inches, 
witli  steel  cross  sleepers,^    The  Vitznau-Rigi  Railway  cost^26,ao8  per 
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iile,the  Anh-Rigi  Railway  ;^i7,385,  the  Drachenfels  Railway  ;£"io,6oo,  I 
le  Salzburg-Gaisberg  Railway  ^£^19,840,  the  Schynige- Plane  Railway 
C»S,iio,  and  the  Wengem-Alp  Railway  ^15,738  per  mile,'  These 
fe  tourist  lines;  and  the  train-load  carried  up,  exclusive  of  ihe 
xomotive,  ranges  between  \o\  ions,  the  load  on  the  Vitznau-Rigi 
Railway,  and  14^  tons  on  the  Riidesheim-Niederwald  Railway. 

Double  Side-rack  on  Locker  System. — A  steel,  rack  rail  with 
eeih  on  i?ach  side,  in  which  horizontal  cog-wheels  work,  was  adopted 
Ot  surmounting  the  exceptionally  steep  inclines  of  the  Prlatus  railway, 
veraging  i  in  a'S,  and  attaining  1  in  a'o8  in  some  places  (Fig.  169), 


DOUBLE  SIDE-RACK 


I 

Mgndiei 
Fell  central 


f  triab  having  proved  that  the  laddtr-rack  was  unsuitable  for 
dieiils.  This  Locker  system  presents  some  resemblance  to  the 
Fell  ceniral-rail  system  (Fig.  167,  p.  274),  with  the  advantage  of  the 
p<aiet  tractive  and  controlling  power  secured  by  the  rack  and  cog,  in 
ttNnpvison  with  (he  adhesion  on  the  central  rail,  enabling  much  steeper 
Sndicnts  to  be  surmounted,  and  to  be  descended  in  safely. 

The  I'ilaius  Railway,  opened  in  1889,  starts  from  Alpnach,  on  the 
\^  of  l,uceme,  and  rises  5363  feet  in  its  length  of  %\  miles,  half  of 
^ing  straight,  and  half  heing  on  curves  of  5  to  4  chains  radius ; 
Elaid  to  a  gauge  of  i  feel  •}\  inches,  wilh  iron  slee[>ers  bolted  to 
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longitudinal,  parallel  masonry  walls  on  each  ^de>  The  dnving  co^ 
wheels  are  actuated  by  spur  gearing ;  and  the  two  pairs  of  cognriiedi 
are  controlled  by  hand  brakes,  which  sulfice  to  regulate  the  descoc  d 
the  train,  or  to  stop  it  if  necessary.  An  air-brake  acting  on  the  pistons 
of  the  Ux'/>niotive,  as  adopted  previously  on  the  Rigi  Rulway,  fomisbes 
additional  control  of  the  train  on  its  descending  journey :  azvi  if  at  any 
time  the  speed  in  descending  becomes  more  than  3  miles  an  hour,  a 
xtiSitt'X'^t,  automatic  brake  comes  into  action.  To  prevent  the  train  being 
blown  off  the  rails  during  the  violent  gales  to  which  the  mountain  is 
exposcrl,  clips  fixed  to  the  carriage  are  turned  under  the  outside  of  the 
head  of  each  rail.  The  compartments  of  the  carriage  are  arranged  in 
steps  to  acr/>mmodate  them  to  the  incline,  as  on  the  steep  inclines  of 
rope  railways ;  and  the  seats  are,  moreover,  pivoted  so  as  to  adjust  them- 
selves to  the  changes  in  inclination  (Fig.  i^).  The  cost  of  tiie  Pihtos 
Railway  amounted  to  ^£^32,260  per  mile,  owing  to  the  heavy  worb 
nee  essitated  by  the  steepness  of  the  incline  and  the  exposed  situation. 
'f'hough  the  line  is  worked  in  perfect  safety,  there  is  a  considerable 
vibration,  indicating  that,  where  practicable,  such  steep  inclines  are 
better  adapted  for  cable  traction. 

Flat  Bar  Toothed  Rack. — Another  form  of  rack  consists  in 
cutting  the  erlgo  of  a  flat,  steel  bar,  so  as  to  provide  a  uniform  row  of 
teeth  on  its  up|>er  side ;  and  the  strength  of  the  rack  can  be  increased 
ff>r  stee|>er  gradients,  by  increasing  the  thickness  or  the  number  of  the 
bars.  The  rack  is  thus  formed  by  a  series  of  solid  bars,  with  teeth 
shai^ed  to  the  most  convenient  form  for  the  working  of  the  cog-wheel  in 
them.  This  simi)le  form  of  rack,  consisting  of  successive  lengths  of 
single  bars  joined  at  their  ends,  and  laid  in  the  centre  of  the  track,  have 
been  ernjiloyed  on  the  flatter  gradients  of  several  rack  railways,  where 
the  Abt  system  of  two  or  more  such  bars,  laid  so  that  their  teeth  are  not 
in  line  aeross  the  track,  is  resorted  to  on  the  steeper  parts  of  the  lines. 
Though  the  Abt  system  of  teeth  breaking  joint  has  been  usually  adopted 
for  the  steep  gradients  of  a  rack  railway  laid  with  solid  bars,  the 
exi)e(lienls  of  merely  increasing  the  width  of  the  teeth  by  two  or  more 
bars  j)la(  ('(1  dose  together,  or  by  actually  forming  the  teeth  of  the  bais 
of  in(  reased  width,  have  been  occasionally  resorted  to. 

The  St.  Kllero-Sallino  Railway,  the  first  purely  rack  railway  built  ip 
Italy,  was  constructed  in  slightly  over  four  months  in  1892.  This 
lailway  rises  2765  feel  in  a  length  of  5  miles;  and  it  is  laid  to  the 
metre  gaug<\  with  a  ruling  gradient  of  i  in  4*55,  and  curves  having  * 
tiiininuiin  radius  of  3  (hains  The  rack  on  gradients  not  exceeding 
I  in  8.p  consists  of  two  angle-steel  bars  riveted  together,  4  to  6  fed 
long,  with  teeth  formed  in  them '^  (Fig.  170);  but  for  steeper  gradients 
up  to  the  inaxinuini  of  1  in  4*55,  two  flat,  steel  bars  are  introduce( 
betwet'n  the  angle  bars,  increasing  the  thickness  of  the  teeth  and  th< 
rigidity  of  the  rack,  which  latter  can  be  still  further  augmented  b 
introducing  a  distance  piece  between  the  angle  bars,  so  as  to  form  tw 

'   EH)^neerin^^  vj)1.  xliii.  p.  444  ;  ami  Zeitschrift  des  Vtreifus  deutscktr  Ingeniiut 
1S87.  p.  1 1 17. 

'  iYihefdings  Inst,  CA'.,  vol.  cxvii.  p.  278,  and  plate  9. 


TELFENER  AND  STRUB  RACK  RAILWAYS.         279 

ree  patallel  racks  with  a  small  interval  between  them,  in  which  the 
fbeel  works  with  a  widened  bearing.  This  Telfener  rack  is  simpler 
instruction,  and  cheaper  than  the  Riggenbach  and  Abt  racks ;  but 
es  not  possess  the  special  advantage  of  the  Abt  rack,  of  thoroughly 
^ng  two  or  three  successive  teeth  of  the  cog-wheel  at  the  same 
.    The  bvourable  conditions  of  the  site,  enabling  tunnels  to  be 
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insed  with,  combined  with  the  introduction  of  sharp  curves,  and  the 
ition  of  a  cheap  rack,  brought  the  cost  of  construction  down  to  the 
irkably  small  amount  of  ^^3621  per  mile.  The  speed  of  the  trains 
3  from  s^  to  45  miles  an  hour,  according;  to  the  gradients,  and 
iges  5  miles  an  hour. 

I  more  complicated  form  of  single  rack,  resembling  a  flat-bottomed 
n  its  low  portion,  and  widened  out  considerably  for  the  tenth  at  the 
Fig.  171,  p.  280),  called  the  Strub  system,  after  its  designer,'  has 

recently  introduced  on  the  Jungfrau  Railway,  which  is  laid  to  the 
;  gauge,  and  was  opened  in  1 899,  the  motive  power  being  electricity 
■ated  by  waterfalls  on  the  mountain.  This  line  rises  6657  feet  in  a 
h  of  7-5  miles,  with  gradients  ranging  from  i  in  14^  up  to  i  in  5  ; 
the  upper  (>\  miles  are  in  tunnel ;  whilst  the  final  ascent  to  the 
lit  is  effected  by  a  vertical  lift  of  241  feet.  The  central,  rack  rails, 
feet  long,'are  joined  together  at  their  ends  by  fish-plates,  like 
ary  flat-bottomed  rails,     A  brake  is  provided,  which  encircles  and 

the  widened-out  head  of  the  rack.   The  wide  base  of  the  Strub  rack 
titns,  Wiesbaden,  1897,  vol.  xuit. 
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^ves  the  rack  consiffftoble  latenl  rigidity,  and  enables  dudis  to  be 
dispensed  with  for  listening  the  rack  to  the  metal  sleepers  (Fig.  171); 
but  dus  rock  locki  the  simplicity  and  economy  of  the  Telfener  nd 
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uIhxI  a'.oNc    Fiji.  17c.  p.  279  >.  and  the  special  merit  of  the  multiple 

Racks  on  Abt  System. — The  Abt  system  consists  essentially  of 
twv^  v^r  tV.ivv  Jtvvl.  r,ick  Var^»  from  j^  inch  to  lyf  inches  thick,  and  %  W 
•.vv;\  :  '..Uvxi  r.cirlyiwo  inches  apart,  and  so  arranged  that  the 
:  ;v>;:e  each,oiher,  but  as  it  were  break  joint  (Fig.  i)^)* 
1  .utv-itii-:  tl.v  V  v\c-w.ux'.>  :o  encage  in  a  tLX>th  in  front  on  one  rack  before 
K-^x  n>v:  \\\y  WkKW  \c:\\\C\  v^:i  the  adjacent  rack,  which  renders  the  motioD 
M\usnl\v  K  .\;ui  i:u  :v.\<es  the  security  <^i  the  trains  in  descending,  besides 
pu^piMtK^wMC  VM-  strength  of  the  rack  to  the  steepness  of  the  gradient 
h\  \\\c  .\tMinon  v^f  one  or  t\^o  bars.  Though  this  system  has  less 
I.utkU  N;;(hu  v>  \\\\\\  :hc  laiivior-raok,  its  plates  can  be  more  readily  bent 
to  ^h.up  1  ui\<N  ;  .r.^:  its  Mijvrior  merits  in  other  respects  has  led  to  its 
{ul.»piuM\  on  nunu  io\;s  mountain  railways  since  its  introduction  in  i832. 

\\\K  v;<noioso  atul  Rothorn  railways  in  Switzerland,  5$  miles  and 
4 J  \\\\\\\  lon^;,  liNUig  4^;:o  feel  and  5515  feet,  with  ruling  gradients  of 
I  \\\  4SS  and  \  \\\  5»and  ov>nsinictod  in  1889-90  and  1891  respectivelyi 
•Hi  laitl  ii»  ;i  ga\i|;('  of  1  foot  7^  inches  with  cast-steel  sleepers,  and 
ltiti\iiU'd  >Nith  w  double  .\bt  rack,  in  which  cog-wheels  on  the  driving 
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deswork;  aod  the  sharpest  curves  on  these  lines  have  a  radius  of 
dttins.  The  cost  of  the  Generoso  Railway  was  ;;^i3,597  per  mile, 
id  of  the  Rothom  Railway  ;;^i6,56i  per  mile.^  The  train-loads 
uried  up  are  9  tons  and  8^  tons  respectively ;  and  the  speed  up  and 
own  on  the  steepest  gradients  of  the  Generoso  Railway  is  3f  miles  an 
our,  and  5  to  6^  miles  on  the  easier  gradients.  The  Glion-Naye 
Railway  is  a  very  similar  line,  4^  miles  long,  with  five  tunnels,  rising 
209  feet,  with  gradients  reaching  a  maximum  of  i  in  4*55,  and  curves 

ABT  TRIPLE  RACK. 

Fig.  172.— Hartz  Mountain  Railway. 

Scale  20  feet  to  i  inch. 
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4  chains  radius,  laid  to  a  gauge  of  2  feet  7^  inches,  and  with  a  single 
double  rack  according  to  the  gradient.  It  was  opened  in  1892,  and 
«t  ;f  18,033  per  mile ;  and  it  possesses  the  special  interest  of  forming 
^ntinuation,  on  another  system,  of  the  cable  railway  between  Territet 
'd  Glion,  and  leading  to  the  health  resort  of  Caux,  3580  feet  above 
^•Icvel,  beyond  which  it  is  a  mere  tourist  line  like  the  preceding  ones, 
th  trains  running  only  in  the  summer,  accomplishing  the  journey 
•tween  Glion  and  Naye  in  about  i^  hours. 
The  system  has  also  been  extended  to  mountain  lines  in  several 
her  countries,  as,  for  instance,  the  Manitou  and  Pike's  Peak  Railway 
Colorado,  of  standard  gauge,  rising  7552  feet  in  a  length  of  8f  miles, 

*  Or^an  fiir  die  Fortsehritte  dts  EisenbahnwesenSy  Wiesbaden,  1 898,  vol.  xxxv. 
I40,  and  plate  xxv. 
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\  ■'.:     .  .    . --.  ^---     r. .:    .\ir:   r^n    -  mcr.  ic-    3^  inches  thick, in 

.   z'.  .  -     -■■•  ..- -   .    :.^r-j-:r.    ::    :>oi  a:  t  cost  of  j^fi  1,409  per 

-  •  ':,.:.-'  ..:  .    •,: -u-^  l^iwuv  ic  Prance,  the  Schafberg 
-.....■.  . -:--    ^:  .    r::-.     » . .'::>i. rra:  Iv^iiway   in   Spain,  5^  miles, 

..  -  -    ..:  .   -  ::..  --    /:_  „  .  :.  ::^:  r*i-rt  jauct.  rht  steepest  mdients 

r    .      .-   .         .:      —    ^-.:.   :   ::    :4   ^:u  in-,   stiariiesi  curves  3^  chains, 

-     .........      ... :  •  T.  s.v^  -::=:-.-:•' 1:'       and  iht- Snowdon  Railway 

..  -.      ■  -/ i        -.     :-■    ::    ^    -^-'.-.Tir    .v  -t^  miies.  "with  a  maximum 
^•...   .  .-    5-    ..:  .    :.:^:-   y  \  /^u::::?  radius,  laid  to  the  fairly 

.■■..•.■...■.    r.   V   ^..--:    .    -    -.-    -T  ::K-:jt^.  v-:::  :wo  lines  of  steel,  rack 
.\.::  ■  .:..".   ::.  .  I,   ::   fiiLfir.--  y  n::ar:y  o  feel,  and  constnicted 

1  •-.>■...■  .-.:   /    :• :   .-. -.  ...■^::.»:    .»■  i.zTrir:r»  a^  the  motive  power  on 

....■..*./   '\.  V.    r  p.:-  :::-.  -.: :  ra.L  wnrrc  watei-power  is  readily 

<  • ;.  .i  . .-.  •..  -  t :  •-.■..■..•  .  :- :  -.  -  .-1-7-  .-^rrz-rii.  ;j^  furnished  by  the  Mont 
N-.-.  r.i..  k'...  •-•  .-.'.-•..  —:^  -j:.-:  C-.'TTier^ra:  Railway  ascending 
:-.■  /.-.'•-.'.  ':.:>-  "_.  V.  >  .^^:>rrJ."•:rd  •^-  iSoi  and  1896-98 
';:■-.-.*.  ..  ;.  ■.-■■-.  .--.^:-.>  .-  :-r  n.  r5  Lr\i  fy  miles,  with  rises  of 
*  ;L ;  T  .•  w--.:  ,. .:  ■--:.  ..•  :  „•:  j^L'.:  ir^z  zntirt  gauge,  with  gradients 
'.:  .'        ,  -•  :  ;    •    =    ..•  :  >  -._:  -    .r.-.  .:*  rsct :  and  ihey  cost  ;;^i 2,714 

'.'.  L  .  '  N.  '-...f:  -.  /A..VJ.  ^•.-.•..J■l  r^rr  :>  i'ways  taken  to  anchor  tbe 
",'/  :  '  ■  ;.  :."•  ■.:.  :;  •:  -.!  i  i::,::r.L  >j  as  to  prevent  its  creeping 
-'  i-: ....  .  •;>.•..•.  .      :•.:■;:  '.-ir  :  r-.r^j:;:  .:'  :hr  co«:-wheels  on  the  rack 

Racks  on  Steep  Inclines  for  the  Extension  of  Railwayi- 
J    •   ;',.'.:'  :.:    ...;-  :■.;•;::■.-:  :    al    v^.  irc-Uiih  interesting  as  showing 
:.',/.   ..-..'   .'..:•:-  • . : : .  '.'■  •  , r : ". •: \ -J -i  v. :    <; vct -  mountain  slopes,  have  no 
'  • ,  •  1 .  1 1 , '  / '  .  .i .  .;:.;/',:'.,..•.■:,  :■ .-;  «^;  - ::  !  ■..  r  I  lie  most  part  only  in  the  summer, 
.iii'l  •.!«./. '/I  ..'   I'L'.tj'i.  •!  u-  i'jTi'A-.nz  ran  of  the  regular  railway  system 
'il  ;i  *'>iif,Ji).      I  i.'    I'lir'.'lijt  li'jii,  iiowcver,  of  a  rack  for  surmounimg 
M,'     :!«.].  ifii  iiii«-,  'J* « a>:orialIy  i">uin.l  necessary  in  carrying  a  railway 
ilii'iiiL'ii  iiMiMiii.iMi'iiis  f 'jiiniry.  or  lor  extending  railway  communication 
.il'iii;.'   Ill'    iiji)»'  I   p;nN    •/!    ;jor^i">.  in  ruj^ged  districts,  and   across  the 
.'..ih  I  iMrimj.'  n\   iiKjiiniiiiii   lorreiiis,  wliefc  gradients  surmountable  by 
iiii  II  .11  Mil  .I'lii  lin  oiii'   Hii|pi;i(  ii(';il»le  ai  any  reasonable  cost,  invests  the 
i.ii  Iv   ^^^l.  III  Willi  .III  iiiipdriarH  I-  in  the  problem  of  railway  extension, 
wlmli  i(  itiiiM  iiiii  uiliriwiM-  riaim.     In  some  instances,  a  single  steep 
nil  hill    pitiMiiiil  \Miii  .1  i.H  k  tiiaMes  a  sudden  rise  of  the  land  to  be 
.III till 'iiiiii  «l,  liimiiii^'  A  I  uniui'iinii  with  the  ordinary  railway  below  and 
,il.M\..  .ii   wliiili   ihr    liimhiiaN    incline  on   the   Puerto  Cabello  and 
\.iliii»i.i     U.nlw.iN    in    \rni'iirla,   and    the    Usui   Railway  in  Japan, 
luiiii.li  i\|'u.il  I  v.mipli '.  ;  wluiras  in   mountain  valleys,  especially  m 
(111   111  i,hli«»mlu»».il  ..I  ill.- tliM.hn-.;  liilm'  between  two  river  basins,  the 
liuuli  .nul  \.ui.il'U-  I  h.iia*  ui  nt  ihe  '^ori;e  may  necessitate  the  adoption 
oi   -.III  I'  un  liMi  ■■  ii*[unmi;   a  laik   \u   sc\eral  places,  with  intervening 

■    N.  ....'.•..  /      ■  '.  .     •'.;.  /.Miv.:',  iSo;»  \v«l.  \xii.  p.  140. 
.'  »/,/.;-.      '....  \.-    '\i.  "I-     yz-^,  44.*.  auJ.  479. 
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Sndients  surmountable  by  adhesion  alone,  as  illustrated  by  the  Hartz, 
£i|eDerz-Vordemberg,  Briinig,  Bernese  Oberland,  Visp-Zermatt,  and 
Ttimsandine  railways.^ 

The  ground  rises  from  the  Caribbean  Sea  at  Puerto  Cabello  to  an 
devation  of  1950  feet  at  Entrada,  in  a  distance  of  25^  miles ;  and  it  was 
famd  that  a  railway  for  connecting  these  places,  to  be  worked  by 
idhesion  alone,  having  to  commence  its  rise  near  the  seacoast  with  a 
nling  gradient  of  i  in  40,  and  involving  very  heavy  works  in  spite  of 
^  frequent  and  sharp  curves,  could  not  have  been  constructed  at  a 
reasonable  cost.  Accordingly,  a  route  was  selected  where  the  railway 
foUowing  along  the  bottom  of  a  flat  portion  of  a  river  valley,  rises  only 
430  feet  in  the  first  18  miles,  whence  it  ascends  about  780  feet  in  the 
next  5  miles  to  Trincheras,  with  a  ruling  gradient  of  i  in  28^  and 
cunres  of  47  chains  radius,  and  then  accomplishes  the  final  rise  of  750 
feet  in  2  J  miles,  by  a  steep  incline  having  a  gradient  of  i  in  28^  to  i  in 
SI  for  the  first  4000  feet,  and  i  in  12^  for  the  remaining  7700  feet  to 
Entrada  ;^  and  the  incline  is  provided  with  a  triple  Abt  rack  (Fig.  172, 
pi  281),  formed  of  three  parallel  bars,  iy"g  inches  apart,  bolted  firmly 
together,  in  which  two  cog-wheels  work,  with  a  special  ring  of  teeth  for 
each  bar.  The  sharpest  curves  on  the  incline  have  a  radius  of  7 .}  chains, 
tbe  gauge  of  the  railway  being  2i\  f^et ;  and  the  locomotive,  weighing 
40  tons,  which  effects  the  ascent  by  means  of  its  cog-wheels  alone,  can 
push  up  four  waggons  weighing  altogether  about  68  tons  when  loaded, 
^Aich  is  also  the  train-load  which  an  ordinary  locomotive  can  bring  up 
tile  steep  gradients  of  i  in  28^  below  the  incline. 

A  rise  of  1830  feet  in  a  direct  length  of  5  miles,  at  the  Usui  jxiss, 
•eparated  the  railways  which  by  1888  had  been  completed  from  the 
east  and  west  coast  of  the  main  island  of  Japan,  to  the  central  mountain 
''^nge  which  stretches  down  the  whole  length  of  the  island,  and  as  far 
fs  the  foot  and  summit  of  the  pass  respectively,  on  each  side.  A  survey 
^  1889  o^  ^^  rugged  intervening  district,  proved  the  possibility  of 
wying  out  a  line  15^  miles  long,  47  miles  of  which  would  have  been  in 
tunnel,  with  a  ruling  gradient,  like  the  approach  line,  of  i  in  40  and 
*^es  of  10  chains  radius,  at  a  cost  of  about  ;^ 20,000  a  mile.  It  was, 
'however,  determined  in  1890  to  adopt  a  direct  incline,  laid  with  the 
Abt  rack,  to  test  the  system  in  view  of  the  construction  of  other  moun- 
^n  railways  in  Japan,  and  to  diminish  the  cost  of  the  works  by 
'Cueing  the  length  of  the  line  from  15:^  miles  to  7  miles,  with  nearly 
5  niiles  of  steep  incline.  The  incline  of  i  in  15  has  been  constructed 
^  two  portions,  2*45  miles  and  2*41  miles  long  respectively,  with  a 
snort  length  of  level  between  them  to  provide  a  passing-place  for  the 
^ns.'  This  connecting  link,  constructed  in  1891-92,  which,  owing  t(; 
?^e  very  rugged  nature  of  the  district  traversed,  esix,»eially  by  the  upi)er 
^ine,  necessitating  2\  miles  of  tunnel  and  several  viaducts  for 
spanning  the  ravines,  cost  ;;^42,667  i>er  mile,  including  four  locomotives 

Proceedings  Inst.  C,E.^  vol.  cxx.  plalc  2  ;  and  Sihiceizensc/te  Bauziitun;^,  vol. 
*«'i.  p.  140. 

'  Proceedings  Inst.  CA.,  vol.  xc\i.  p.  120,  and  plate  4. 
'  Ibid,^  voL  cxx.  p.  43,  and  fi^'.  1. 
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".--".-;.'  .-}■  j:ac.\  asd  adhesios. 

--:-::      -  t  -j— .-    -  n-e  :r:rlc  Abt  rack,  so  that 

"r  --1         "-  ji':_:irs  rvtr  ir.t  csrixnated  cost  of 

..-.".:    L     .:.:-.    i    ."It      :—  "ne    "s-:ri_r-^   ir.d    maintenance  of 

.' :  T...  ~  :-  V- 11   :-^—  ,— .  n-.-tf  t-tt-t  5£t-1.     Tnc  line  is  laid  to 

V  :    .-.  :^:         '     —  -   :    .:  i.-r^.  zLz  f-ir>iiri  ri-ire  of  Japan:  and  the 

:"^.^---      .-  :-    -.-.   v.:    :: :  r:-   :^~t  ini:-*  ::  13  chains.     The  first 

-    :    :-.    V  ._■.  -_    ::-  :  — ..-.  i.^i.rri  1  riir.-'.iad   :t  60  to  70  tons 

..      : :    .-    ..' -    .-   .    -  —:    .     «-   ::^-:<  in  r.:ur:  :u:  more  powerful 

•  .:•_.--   V : -:   -.:  -r: .-.  :■_      : : zszrz.ZirL  -srich.  "arriching  46  tons, 

- -'-    -:    :-.    f':-;    .— iIt-^    .j_  1  "»:-J-.  i  rick   ire  interspersed 

:"\---    T .--.-:  ^ :- 1-  -i- i .-  r-^rr. :  -ir.n": "r  ': y  aihesion,  combined 

:•    i:   -:-     _":     -irzz  ii.'.'rL  -^  —  Zi.  irLT.  CTiT  i  train  bv  adhcsioH  in 

"". :  .  -  L.-_  •    :  J.  -.--:   iz^c  1.-=  rr :  Ti  ii-i  :i  ii  i;r  :r.  "arl:h  cog-wheels  which 

:::    :-       ir--.:    .    -..-  n:    "r--.rr  r^iitr.is  liid  w::h  the  rack.    This 

-..     -:  --r:.-_     .->:-T.rr  V-  ^tttj.:  j.iTjj-.u^rs  ::  craLiing  the  gradients 

:      .  1 .    .  -  i:  .'i-Lir-:  : :  v.  7    :s'rjzz  jl  "e?  ::  ±e  ground  in  mountainous 

1  -:.-.;:".   :  -  :  .:  "-  i^-.z  '.j=.z  iI.tt.-^z  tie  zrifzc  to  be  worked  with 

-•:...::::-   :      li"-:-::-    I'z:  L.  zzt  suiii'rlr  gradients,  reserving  the 

.c-  *■  "-"^  '  - :  :'.z  r.z^z  zr-i  '^irr.i  Ti-rrt  i  jre-aier  rra-riive  force  becomes 

riT-f^-       z     v._j  .r:r:d^':.r^  2  ra.k  ^hrrt  requisite,  steep  gradients 

1:.  .7  ::-:..    - :-  . ::  .i  :  .  jlt.  :  :.-. f  ^ :  rk?  :rere: y  considerably  lightened, 

-•:  -..-_:  -.  .  -_  j    J.-  .  z  r\:r::i:d  :r.::  r--:^rd  disiricii,  and  along  moun- 

:_  :    ■  1 ..   ?.  -.-.rrr  :■  7  t.-v.^:  ;-  .:'  ^rii.rr.rs  suited  to  adhesion  alone 

■  ;  .  :  -. ;:    T  --.i;     ^...  ;  n  r.rsVr.     T.ir  Hartz  Railway  in  Germanv, 

-.   T:    :..:.-.   ^'^  :.r.  I  I'lr.'.z.  ir.i  :r.r  ELsenerz-Vordemberg  Rail- 

-     .r.  \. -■::..  1- .  ..->:j.r. :r<  .:'  :>.r  r:.:\tL  -jvsiem  of  adhesion  and  rack 

X'.-     ....    ;■■>     -    .-.r  ?-.ir.iirI  J-i-^:-^- :    'a-ilst  the    Briinig,  Bernese 

'..-  jlJ.':.  ii. I   '."-■-'.:::.:■.:   n/.-^vivs   :r.  Switzerland,  and  the  Trans- 

..;  L  ■. r    >  :  .  .  :-.  .  ..::   N^Trii.-Vi  :ir,'l  Santa  Rosa,  on  the  line  con- 

.:.■.;      '.  :.:.  -      'v '""     •^-  -    Va.'.:.ar.i:so.    furnish    examples    of  its 

•■  ::  ;{.-.:•      N[ :_::::. i::i   N-i/.v^iy.  nearly   19  miles   long,   eleven 

- . . ■  ■  - .  ■ .  ■.'.'..::■.  ._ _ :  ^  ■- •- r  !.-..:■  - :  4 j^  n: : les.  are  laid  with  a  triple  Abt 
.-:  .-  ■  r  :■:'  ■  .lT-.  :,\  :r.  ■..-.-  i.-.:  .  ^  i:v:h  thick,  in  lengths  of  8f  feet, 
r  .  ■■  .-.'  ■■  ^r:.  .:..  :  :.■.:•  ":  2^  \:\^:'.\'.:<  :i':.ovethe  rails  (Fig.  172,  p.  281). 
1...  ■.  -:  .-I  '.^i-.'i  :\  ^::.:i  :r.?  r'  i  in  22  to  i  in  i6§,  with  curves  of 
\z  '...:■:>  ra::;>  :  '.\'..:'.<  -.ri  :;x-  ordinary  ponions  of  the  line,  the 
11  :-  r  in  4:.  ri".  i  ::.*j  sharpest  curves  9  chains  radius.    Th^ 
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r;»:lv..:;.  Aa-.  '.■^.'i-tru'.t'.ri  ::.  i.S'54-.S6,  and  its  cost  waS;£'io,458  per  mile. 
A  \fjf  ■.:...;  v-:  'A'ri.Lriiin-:  5O  t-.pn-  r^n  draw  a  train  of  120  tons  up  the  steep 
III' jiri- -  :■.'  Jill  a\tjrag'j  -j".:t:(i  of  0^  miles  an  hour.  The  Eisener/- 
\'«ini'  ::j!.'  r^  Kaihvav,  "j.x  ni.d  in  i.sr^i.has  9  miles  laid  with  a  racking 
t'>t;il  I'.ii^f-ij  ol  iJ^  milt;.'.,  1)11  gradiuntN  uf  i  in  14  along  the  straight 
ji«.prtinri>,  r'jdiKrd  to  i  in  i^'i;  on  curves  of  9  chains  radius.  The  double 
Al.f   i.i(k  is  lorinrd  of  steel  bars   i   in^h  thick;  and  the  locomotives, 

'  /fit\chnft  fur  /iaim'esett,  Urrlin.  v-il.  xxxvi.  p.  7 1,  and  plates  17  and  iS ;  a"^ 
/Vi'/v.'./i//v»  /'/'A  ^.'./...  vi-»l.  XLvi.  p.  131. 
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sighing  55  to  59  tons,  can  draw  a  train  of  100  to  120  tons  at  an 
voage  speed  of  6^  miles  an  hour  throughout  the  line.'  This  railway, 
ith  a  much  greater  proportionate  length  of  gradients  laid  with  a  rack 
am  the  Hartz  Railway,  appears  to  have  cost  ;£^45,i6o  per  mile.  The 
ability  of  the  cog-wheels  to  cause  a  jolt  on  entering  or  leaving  the  rack, 
■t  been  minimized  by  placing  the  last  lengths  of  the  racks  upon  springs 
Rg.  172,  A,  p.  281),  which  contrivance  also  reduces  considerably  the 
retr  of  the  teeth  of  the  cog-wheel  and  rack. 

The  Briinig  and  Bernese  Oberland  railways,  40  miles  and  14^  miles 
mg,  have  lengths  of  5f  miles  and  3  miles  laid  with  a  ladder-rack,  on 
radients  considerably  steeper  than  the  ruling  gradient  of  i  in  40  on  the 
idiiiary  portions,  and  reaching  a  maximum  of  i  in  %\  and  i  in  8^,  with 
barpest  curves  of  6  chains  and  5  chains  radius  respectively ;  and  they 
on  ^^9668  and  ;^75oo  per  mile.^  The  Visp-Zermatt  Railway,  21^ 
liles  long,  has  six  sections,  amounting  altogether  to  4f  miles,  laid  with 
.  double  Abt  rack,  from  f  to  i  inch  thick  according  to  the  gradient, 
rfakfa  attains  a  maximum  of  i  in  8,  and  curves  of  5  chains  radius ; 
ifailst  the  ruling  gradient  on  the  ordinary  portions  of  the  line  is  1  in 
;Sf,and  the  sharpest  curves  4  chains  radius.  The  railway  cost  ;^ 9693 
ya  mile;  and  locomotives  of  29  tons  can  draw  a  train  weighing  45 
ons  up  the  steepest  gradients  on  the  line.  The  steepest  portion  of  the 
ixmntain  section  of  the  Transandine  Railway  has  lyf  miles  laid  with 
tbe  Abt  rack  in  a  length  of  31  miles,  whereby  gradients  of  i  in  12^ 
lie  surmounted,  with  curves  of  10  chains  radius ;  whereas  the  ruling 
giadient  on  the  adhesion  parts  of  the  line  is  i  in  40,  in  which,  how- 
ever, curves  of  5f  chains  radius  are  introduced.  Locomotives  of  42 
tons  draw  trains  weighing  60  tons  over  this  railway. 

The  ratio  of  the  average  load  drawn,  to  the  weight  of  the  locomotive 
Oil  several  of  these  combined  adhesion  and  rack  lines,  ranges  between 
^t  and  I,  depending  necessarily  upon  the  maximum  gradient  adopted  ; 
whereas  in  the  case  of  the  purely  rack  mountain  lines,  where  much 
steeper  gradients  are  resorted  to,  the  weight  of  the  locomotive  often 
cxcwds  that  of  the  train  it  pushes  up,  and  in  a  few  instances  nearly 
f^aches  twice  the  weight  of  its  train. 

Remarks  on  Rack  Railways. — Though  several  mountain  lines, 
*Qd  some  combined  adhesion  and  rack  railways,  have  been  laid  with 
^  ladder  or  Riggenback  rack,  the  Abt  rack  appears  to  be  the  better 
system,  owing  to  the  facility  with  which  its  strength  is  adjusted  to  an 
^^Kaeased  gradient  by  augmenting  the  thickness  or  number  of  the  bars  : 
1^  greater  accuracy  of  the  form  of  the  teeth  cut  out  of  a  solid  bar,  than 
Wi  a  hdder-rack ;  the  greater  adaptability  of  bars  to  curves,  and  the 
8'eater  uniformity  of  the  strains  on  sharp  curves ;  and  the  freedom  from 
accumulations  of  snow  in  the  teeth  of  narrow  bars,  which  are  liable  to 
^%  the  ladder-rack. 

Traction  by  means  of  a  rack  and  cog-wheels  possesses  the  advantage 
of  not  being  affected  by  the  weather,  which  has  an  important  influence 

'  Verhandlungen  des  Veransfiir  Eisenbahnkunde,  Berlin,  1892,  p.  14. 
•  Schweizeriscke  BautcUungy  vol.  xxv.  pp.  60,  70,  76,  and  125. 
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on  traction  by  adhesion ;  and  though  the  Fell  central-rail  system  is  better 
adapted  for  the  safe  and  easy  passage  of  trains  round  very  sharp  curves, 
its  dependence  on  adhesion  for  its  tractive  force  exposes  it  to  variations 
in  efficiency  from  atmospheric  changes. 

The  most  valuable  feature  in  the  rack  system  of  traction  is  its  appli- 
cation, in  combination  with  adhesion,  to  occasional  steep  inclines  on 
ordinary  railways,  whereby  it  is  possible  to  extend  railway  communication 
into  districts  which  appeared  formerly  to  be  debarred  by  nature  from 
such  facilities  for  traffic,  on  account  of  the  impossibility  of  providing 
gradients  throughout,  capable  of  being  surmounted  by  the  adhesion  of 
the  locomotives  alone,  at  any  reasonable  cost  The  gradients  of  railways 
constructed  for  working  on  the  combined  system,  and  intended  for  regular 
traffic,  should  be  kept  as  far  as  practicable  within  reasonable  limits,  not 
exceeding  if  possible  about  i  in  15,  so  that  the  weight  or  speed  of  the 
train  drawn  may  not  be  unduly  reduced,  reserving  the  very  steep  inclines 
for  lines  ascending  mountain  slopes  with  light  loads,  and  for  tourist  rail- 
ways like  the  Briinig  and  Visp-Zermatt  lines. 

In  addition  to  the  examples  given  above  of  railways  which  have  been 
constructed  on  the  mixed  system,  an  instance  may  be  given  of  a  railway 
in  progress,  illustrating  the  value  of  the  system  in  penetrating  regions 
which,  without  its  aid,  might  have  well  been  considered  inaccessible  to 
railways,  namely,  the  line  in  course  of  construction  through  the  narrow 
rocky  gorges  of  the  upper  valley  of  the  Arve,  and  under  the  shadow  of 
Mont  Blanc,  to  Chamonix.  The  railway  from  Geneva  has  been  gradually 
extended  without  difficulty  along  the  flat,  though  narrowing  valley  of  the 
River  Arve,  as  far  as  Le  Fayet  St.  Gervais ;  but  a  little  beyond  this  village, 
the  valley  changes  abruptly  in  character  to  a  succession  of  narrow, 
rapidly  rising  gorges,  along  which  the  ascending  high-road  has  had  to 
be  cut  out  of  the  side  of  the  steep  rocky  slope,  and  through  which  the 
railway,  with  inclines  to  be  surmounted  by  aid  of  the  Abt  rack,  is  being 
carried  by  means  of  side  cuttings  in  the  rock,  tunneb,  retaining  walls, 
and  bridges.  The  railway,  which  will  thus  connect  the  existing  railway 
with  the  comparatively  flat,  wide  valley  of  Chamonix,  may  be  readily 
worked  electrically  by  means  of  the  water-power  available  in  the  rapid 
fall  of  the  Arve  down  the  rocky  deflle ;  and  it  is  proposed  eventually 
to  extend  this  railway  to  Martigny  across  the  dividing  ridge  of  the  Arve 
and  Rhone  valleys,  thereby  providing  railway  communication  through 
some  of  the  wildest  portions  of  the  Alpine  region. 


CHAPTER  XVIII. 

CABLE    RAILWAYS. 

Conditions  favourable  for  cable  traction — Uses  and  limits  of  cable  traction 
— Cable  traction  on  steep  gradients,  formerly,  superseded  by  locomotives 
— Cable  incline  on  San  Paulo  Railway;  description,  arrangement  for 
trains  to  pass,  method  of  working,  brakes — Cable  system  for  mountain 
and  cliff  railways ;  suitable  sites,  gradients,  arrangements,  motive 
power — Mountain  cable  railways  ;  instances ;  descriptions  of  Stanzer- 
nom,  Look-out  Mountain,  Vesuvius,  and  St.  Salvatore  cable  railways  ; 
and  their  modes  of  working — Steep-incline  and  cliff  railways  with  water 
counternoise ;  general  arrangements ;  descriptions  of  Giessbach,  Territet- 
Glion,  MarseiUes,  and  Clifton  Rocks  Railways ;  their  methods  of 
working,  and  cost— Suburban  cable  railways,  worked  by  stationary 
engines ;  at  Lyons,  Havre,  and  Lausanne,  descriptions,  and  methods 
of  working — Remarks  on  cable  and  mountain  railways  :  respective 
advantages  of  cable  and  rack  systems. 

Fraction  by  cable  is  advantageously  adopted  where,  owing  to  the 
peculiar  configuration  of  the  locality,  a  very  steep  incline  is  required  for 
^  railway,  in  order  to  surmount  a  considerable  elevation  in  a  com- 
paratively short  distance ;  and  the  system  is  specially  suitable  where  the 
?5^clme  by  itself  suffices  to  accomplish  the  desired  communication,  as, 
^r  instance,  cliff  and  other  steep  railways  which  provide  a  direct  and 
^hort  connection  between  places  fairly  close  to  one  another,  but  differing 
Considerably  in  elevation. 

Uses  and  Limits  of  Cable  Traction. — Recourse  has  been 
^casionally  had  to  cable  traction  where  it  has  been  possible  to  effect 
^  very  considerable  economy  in  the  cost  of  construction  of  an  ordinary 
^^way,  by  introducing  in  its  course  a  steep  incline  for  surmounting 
^  abrupt  rise  of  the  land,  in  place  of  following  a  much  longer, 
Winding  route,  in  order  to  obtain  gradients  suitable  for  traction  by 
adhesion  alone.  Under  such  conditions,  it  merely  furnishes  an  alternative 
system  of  traction  to  the  central-rail  system,  as  employed  on  the 
Rimutaka  incline  (p.  274)1  and  to  the  rack  system  as  adopted  on  the 
Trincheras  incline  and  the  Usui  Railway  (p.  283),  and  on  other  rail- 
ways, as  described  in  the  previous  chapter.  The  cable  system  is  used 
to  the  best  advantage  when  the  incline  is  very  steep,  and  fairly  straight ; 
whereas  the  rack  system  is  the  most  suitable  for  railways  partly  worked 
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by  adhesion,  but  passing  along  portions  of  their  length  through  rugged 
country,  in  a  winding  course,  with  gradients  not  exceeding  about  i  in  12, 
and  also  for  tortuous,  mountain  railways  with  gradients  up  to  about  i 
in  4. 

Cable  Traction  for  Steep  Oradients  on  Railways. — In  the 
early  days  of  railway  working,  before  the  great  tractive  power  of  heavy 
locomotives  had  been  fully  developed,  cable  traction  was  employed  for 
several  years  on  some  of  the  steeper  gradients.  Thus,  for  instance,  a 
cable  was  at  first  used  for  drawing  the  trains  from  Camden  Town  to 
Euston  up  a  gradient  of  i  in  66 ;  and  owing  to  the  reduction  in 
adhesion  of  the  driving-wheels  to  the  rails,  by  the  condensation  of  the 
steam  from  the  locomotives  in  the  tunnels  between  Edgehill  and 
Liverpool,  cables  were  employed  for  a  long  time  for  drawing  the  trains 
up  three  gradients  of  i  in  90,  i  in  56,  and  i  in  48,  each  about  i^  miles 
in  length/  Cable  traction  was  also  very  naturally  resorted  to  at  first 
for  drawing  trains  up  an  incline  of  i  in  27  in  approaching  Oldham  near 
Manchester,  i^  miles  long,  and  an  incline  of  i  in  21  and  i  in  18  at 
Aberdare  Junction,  half  a  mile  in  length ;  but  subsequently  locomotives 
worked  the  traffic  up  these  inclines,  weighing  27  tons,  and  drawing  a 
train  of  50  tons  at  the  rate  of  15  miles  an  hour  up  the  incline  at  Oldham, 
and  weighing  36  tons  and  drawing  a  train  of  50  tons  up  the  Aberdare 
incline,  which  was  eventually  altered  to  i  in  40.' 

Cable  Incline  on  the  San  Paulo  Railway  in  Brazil— An 
interesting  example  of  a  steep  incline  worked  by  a  cable,  introduced  for 
surmounting  an  abrupt  rise  between  two  sections  of  an  ordinary  railway, 
is  furnished  by  the  Serra  do  Mar  incline  of  i  in  9f,  rising  2557  feet  in 
about  5  miles,  on  the  San  Paulo  Railway  in  Brazil,  having  a  gauge  of  5 
feet  3  inches.^ 

The  railway  starts  from  Santos,  situated  on  a  large  inlet  from  the  Bay 
of  Santos,  and  after  traversing  a  flat,  swampy  plain  for  13^^  miles,  it 
reaches  the  foot  of  the  Serra,  which,  with  its  rapid  rise,  constitutes,  a  sort 
of  inland  cliff  separating  the  lower  part  of  the  line  from  the  upper  portion, 
which  passes  over  a  high  undulating  plateau  to  the  interior  of  the  district, 
with  a  ruling  gradient  of  i  in  40  and  curves  of  17  chains  radius.  Tb€ 
incline  was  constructed  in  four  separate  lengths,  between  ly-  and  i^  miles 
long,  with  a  flat  portion,  250  feet  long,  at  the  top  of  each  length,  on  whidi 
the  stationary  steam-engines  for  working  the  cables  are  situated ;  and 
curves  of  from  80  to  30  chains  radius  were  introduced  when  the  line  was 
constructed  in  1860-66,  though  after  a  landslip  in  1872,  curves  of  15 
chains  radius  were  resorted  to  in  repairing  the  injured  portion,  withoot 
impairing  the  efficiency  and  safety  of  working.  By  dividing  the  incline 
into  sections,  the  length  of  the  cables  is  reduced  and  the  capacity  for 
traffic  is  increased,  a  passing-place  being  provided  at  the  centri  of  eadi 
section  for  the  ascending  and  descending  trains,  which,  being  each 
attached  to  one  end  of  the  cable,  to  some  extent  counterpoise  one 
another. 
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The  upper  portion  of  each  section  of  the  incline  is  laid  with  three 

rails,  the  centre  one  being  run  over  by  the  inner  wheels  of  each  train, 

but  with  their  flanges  on  opposite  sides ;  and  on  reaching  the  central 

passing-place,  the  central  rail  branches  out  into  two  to  form  the  two 

inner  raib  of  the  diverging  lines,  thereby  dispensing  with  switches,  and 

forming  a  very  convenient  arrangement  for  ensuring  the  passing  of  the 

counterpoised  trains  of  cable  railways  along  their  respective  lines  without 

any  mechanism,  and  without  entailing  the  provision  of  a  separate  line 

throughout  for  each  train.     Along  the  upper  half  of  each  section  of  the 

incline,  a  double  row  of  pulleys,  placed  in  the  centre  of  each  track  on 

each  side  of  the  central  rail,  guide  the  ascending  and  descending  portions 

of  the  cable,  the  pulleys  being  put  10  yards  apart  on  the  straight  lines, 

and  5  to  7  yards  apart  on  the  curves ;  whilst  a  single  row  of  pulleys 

suffices  for  guiding  the  single  portion  of  the  cable  which  travels  up  and 

down  the  lower  half  of  each  incline ;  and  consequently  the  two  lines  of 

way  at  the  central  passing-place  are  brought  into  a  single  line  below,  the 

passage  of  the  trains  at  the  point  of  change  being  regulated  by  self-acting 

switches.     The  cable  is  composed  of  six  strands,  each  formed  by  seven 

steel  wires ;  and  in  hauling  up  a  train  of  three  loaded  waggons  and  a 

brake  van,  weighing  40  tons,  whilst  a  similar  train  is  descending,  the 

cable  is  subjected  to  a  maximum  strain  of  4^  tons,  only  about  one-eighth 

of  its  breaking  strain. 

On  reaching  the  top  of  one  section  of  the  incline,  the  train  readily 
passes  down  the  gradient  of  i  in  75,  250  feet  long,  separating  the  top  of 
one  incline  from  the  foot  of  the  next.  As  the  whole  ascent  is  ordinarily 
suxomplished  in  an  hour,  four  trains  could  be  passed  up,  and  four  down 
in  an  hour;  and  as  the  ascent  could  be  readily  accomplished  in  45 
piinules,  the  capacity  of  the  incline  for  traffic  could  at  any  time  be 
increased  by  one-fourth.  To  ensure  complete  control  of  the  trains  on  the 
incline,  a  brake  can  be  applied  to  the  flywheel  of  each  of  the  stationary 
engines  at  the  top  of  each  section,  whereby  the  motion  of  the  cable  is 
^Tested ;  and,  moreover,  in  addition  to  the  ordinary  brakes  for  all  the 
wheels  of  a  train,  the  brake  van  is  supplied  with  a  pair  of  clip  brakes 
^circling  the  head  of  each  rail,  each  brake  being  worked  by  a  pair  of 
*Ong  levers,  and,  when  brought  together  at  their  lower  extremities  by 
4e  action  of  screws  turned  by  a  wheel,  they  grip  the  rails  so  firmly  as  to 
^p  the  train  within  a  distance  of  a  few  yards.  These  clips  are  also 
'iseful  for  stopping  a  descending  train  at  the  proper  place  on  the  top  of 
each  incline,  when  the  rails  are  greasy  in  damp  weather. 

The  traffic  has  been  conducted  on  this  incline  with  regularity  and 
safety ;  and  the  adoption  of  the  cable  system  in  this  special  instance 
appears  to  have  been  justified  by  experience.     The  existence,  however, 
of  so  abrupt  a  rise  of  the  land,  of  considerable  height,  directly  facing  the 
proper  course  of  the  railway,  is  quite  exceptional,  easier  gradients  having 
he.en  found  practicable  on  the  inclines  described  in  the  last  chapter,  sur- 
mounting similar  rapid  rises  in  the  general  elevation  of  the  land.    Where 
the  rise  is  less  steep,  or  the  ascent  is  situated  obliquely  to  the  course  of 
the  line,  an  easier  incline  is  obtainable,  capable  of  being  worked  by  the 
more  convenient  mixed  system  of  adhesion  and  rack,  or  in  the  case  of  a 
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single  steep  incline,  by  special  locomotives,  as  aflopted  on  the  Rimutaka, 
Trincheras,  and  Usui  inclines. 

Cable  Syatem  for  Moantaln  and  Cliff  Railways. — Cable 
traction  is  applied  to  the  best  advantage  on  those  short,  steep  lines 
which  connect  places  at  very  different  elevations,  and  are  also  used  at 
seaside  resorts  for  communication  between  the  sea-shore  and  the  top  of 
the  cliffs.  Some  of  these  railways  sunnounting  the  steep  lower  slope 
of  a  mountain  to  reach  a  level  plateau,  may  be  regarded  as  mountain 
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railways,  owing  to  the  special  method  of  traction,  though  only  to  a 
limited  extent,  or  as  the  first  stage  of  a  regular  mountain  railway  in  the 
case  of  such  a  line  as  the  Terr i let- G lion  Cable  Railway  (Figs.  173  and 
174),  where  the  ascent  is  continued  above  Glion  by  a  rack  railwif 
up  to  the  Rochers  de  Naj'e,  reaching  an  elevation  of  6485  feel 
above  sea-level,  of  which  also  the  Lauterbrunnen-Griitsch  Cable  Rail- 
way, followed  by  an  electric  rack  line  to  Miirren,  Is  another  exBin[ile. 
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Generally,  however,  the  system  is  not  suited  for  ascending  mountains 
to  considerable  heights,  not  so  much  on  account  of  the  length  of  cable 
required,  for  this  can  be  obviated  by  dividing  the  line  into  sections  of 
suitable  length,  but  mainly  owing  to  a  line  with  much  lighter  works 
being  usually  attainable  by  a  circuitous  course.  Nevertheless,  the 
Stanzerhom  Railway  furnishes  a  notable  instance  of  a  cable  railway 
ascending  a  mountain,  divided  into  three  sections  to  reduce  the  length 
of  the  cables  and  increase  the  capacity  of  the  line  for  traffic,  which  also 
enabled  an  easier  route  to  be  adopted,  and  allows  of  a  higher  speed 
along  the  flatter  lowest  section  of  the  line. 

Numerous  short  cable  railways  and  cliflf  railways  have  been  constructed, 
with  gradients  ranging  for  the  most  part  between  i  in  8f  and  i  in  if, 
consisting  of  an  ascending  and  a  descending  carnage  attached  to  the 
ends  of  fiie  cable,  counterpoising  one  another  approximately  according 
to  their  relative  loads,  and  passing  at  the  centre  of  the  incline  (Fig. 
175).  The  motive  power  is  often  conveniently  provided,  where  there 
is  a  good  supply  of  water,  by  filling  a  tank  under  the  floor  of  the  carriage 
at  the  top  of  the  incline  with  water,  so  as  to  overbalance  sufficiently  the 

CABLE  RAILWAY,  TERRITET-GLiON.   SWITZERLAND. 
Fig.  176.— Paulng-Place. 
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^^^^uriage  with  its  passengers  at  the  bottom  of  the  incline,  from  whose 

^^nk  file  water  has  been  discharged ;  and  the  travel  of  the  carriages  is 

tVequently  controlled  by  laying  a  Riggenbach  or  Abt  rack  in  the  centre 

5^f  the  track,  so  that  the  revolving  cog-wheels  under  the  carriages  fitting 

in  the  rack,  when  stopped  by  a  brake,  become  firmly  fixed  in  the  rack 

^nd  arrest  the  motion,  thereby   effectually   supplementing   the  other 

brakes    (Figs.    174  and    175).      Occasionally,   where   water-power   is 

feadily  available,  it  is  used  to  generate  electricity;   and  the  cable  is 

Set  in  motion  by  means  of  a  dynamo.     Where  there  is  neither  a  fall  of 

Water,  nor  a  sufficient  supply  of  w^ater  to  overweight  the  top  carriage, 

steam-power  has  to  be  used  for  working  the  cable. 

Mountain  Cable  Railways. — In  addition  to  the  vStanzerhorn 
Railway,  to  which  allusion  has  already  been  made,  which  rises  4594  feet 
in  a  length  of  about  2^  miles,  attaining  an  elevation  of  6070  feet  above 
sea-level,  only  160  feet  below  the  summit  of  the  mountain,  there  are 
other  shorter  cable  lines  which  must  be  classed  as  mountain  railways, 
from  their  ascending  mountain  slopes  and  reaching  nearly  the  summit 
of  their  respective  mountains,  as,  for  instance,  the  Look-out  Mountain 
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Railway,  near  Chattanooga,  in  the  United  States,  rising  1170  feet  in  a 
length  of  4360  feet ;  the  Mount  Vesuvius  Railway  ascending  the  great 
cone  with  a  rise  of  1410  feet  in  a  length  of  2730  feet;  and  the  Mont 
St.  Salvatore  Railway,  near  Lugano,  rising  1975  feet  in  a  length  of 
slightly  over  a  mile,  the  terminus  being  only  86  feet  below  the  summit 
of  the  mountain,  which  is  2981  feet  above  sea-level. 

The  three  divisions  of  the  Stanzerhom  Railway  rise  866,  1664,  and 
2064  feet  respectively ;  and  in  order  that  the  traj9ic  may  be  worked 
economically  on  the  inclines  at  a  uniform  speed,  the  gradient  has  been 
steepened  in  ascending,  so  that  the  first  division  starts  with  a  gradient 
of  I  in  12^  and  ends  with  i  in  37,  and  the  second  and  third  divisions 
^begin  with  i  in  2^  and  end  with  i  in  i'6.^     The  line  is  laid  with  a  single 
track  to  the  metre  gauge,  without  a  central  rack,  and  is  provided  widi  a 
passing-place  for  tibe  trains  midway  on  each  division;  and  its  course 
is  fairly  straight,  having  only  two  curves  on  the  first  division  with  a 
minimum  radius  of  i\  chains,  two   on   the  middle  division   with  a 
minimum  radius  of  10^  chains,  and  only  one  curve,  of  10  chains  radius, 
on  the  upper  division.     As  the  line  is  single,  ther  grooved  rollers  or 
pulleys  for  guiding  the  cable,  to  each  end  of  which  a  carriage  is  attached, 
are  laid  in  pairs,  6f  inches  on  each  side  from  the  centre  of  the  track,  on 
which  the  two  portions  of  the  cable  travel ;  and  the  pulleys  are  i  if  inches 
in  diameter,  and  placed  at  intervals  of  38  feet  on  the  straight  portions 
of  the  line,  and  23^  inches  in  diameter,  and  only  33  feet  apart  on  the 
curves,  being  inclined  in  the  latter  case  so  as  to  adjust  the  cable  to 
the  curve.     To  ensure  the  carriages  keeping  to  their  proper  line  at  the 
passing-place,  the  wheels  of  each  carriage,  which  should  be  on  the  out- 
side rail  of  the  respective  lines  at  the  crossing,  are  provided  with  double 
flanges,  whilst  the  wheels  on  the  other  side  are  devoid  of  flanges  and 
very  broad ;  and,  accordingly,  the  flanges  make  each  carriage  keep  to  its 
through  rail,  forming  the  outer  rail  on  each  side  at  the  passing-place, 
whilst  the  broad  wheels  pass  without  hindrance  over  the  crossings.    The 
cables  of  the  three  divisions,  commencing  with  the  lowest,  have  diameters 
of  -^  inch,  ij^  inches,  and  i^  inches,  and  are  capable  of  supporting 
tensile  strains  up  to  24-^  tons,  51^  tons,  and  54to  tons;   whilst  the 
greatest  strains  to  which  they  are  subjected  are  if  tons,  4f  tons,  and 
5i  tons  respectively.     The  rate  of  transit  on  the  lowest  division  is  about 
6  J  feet  per  second,  and  on  the  other  two  divisions  about  4-5  feet  per 
second ;  and  the  whole  journey  is  accomplished  in  45  minutes.    Eadi 
carriage  is  provided  with  three  brakes,  two  of  which  act  automaticaUy 
if  the  cable   breaks.     On  each  division,  the   cable  is  worked  by  * 
dynamo-motor  at  the  top  of  the  incline;  and  the  electricity  is  trans- 
mitted to  the  three  dynamo-motors  from  a  dynamo  at  a  generating 
station,  2^  miles  distant,  where  the  electricity  is  obtained  by  means 
of  water-power.     The  cost  of  this  cable  railway  amounted  to  about 
^24,000  per  mile. 

The  Look-out  Mountain  Railway  reaches  its  elevation  of  11 70  feet 
by  a  gradient  of  i  in  3^ ,  having  a  length  of  four-fifths  of  a  mile ;  and 
it  is  laid  to  a  gauge  of  3^  feet,  with  a  central  passing-place  aoo  feet 

'  Proceedings  Inst  CE,^  vol.  cxx.  p.  ii,  and  plate  1. 
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long,  and  a  central  rail  common  to  the  two  lines  on  each  side  of  it, 
above  and  below  the  passing-place,  so  as  to  avoid  the  necessity  of  any 
movable  mechanism  for  guiding  the  carriages  at  the  junction  of  the 
passing-place  with  the  lines  above  and  below. ^  The  railway  is  fairly 
straight,  having  only  three  curves  on  it,  situated  on  the  upper  portion, 
with  a  minimum  radius  of  15^  chains.  A  carriage  is  attached  near  each 
end  of  the  cable  which  passes  round  a  grooved  wheel  or  pulley,  8  feet 
in  diameter,  at  the  top  of  the  incline,  and  is  made  up  of  six  strands, 
each  composed  of  nineteen  steel  wires ;  and  whereas  the  cable,  if  inches 
in  diameter,  has  an  ultimate  strength  of  50  tons,  the  maximum  strain  to 
which  it  is  subjected  in  working  is  only  5  tons.  As  the  railway  is 
worked  in  this  instance  by  a  steam-engine  placed  at  the  bottom  of 
the  incline,  a  second  cable  is  fastened  underneath  the  carriages  to  the 
ends  of  the  upper  cable,  by  means  of  which  the  working  of  the  line 
is  eflfected.  Tightening  pulleys  on  a  weighted  sliding  frame  keep  the 
lower  cable  duly  stretched,  in  spite  of  changes  in  temperature  and 
strain. 

The  railway  rising  1410  feet  up  the  great  cone  of  Mount  Vesuvius, 
widi  gradients  ranging  from  i  in  2^  up  to  i  in  if,  has  two  lines,  each 
laid  with  a  single  central  rail,  on  which  the  central,  double-flanged  wheels 
of  die  carriages  run,  the  carriages  being  kept  vertical  by  a  pair  of  flat 
wheels  on  each  side,  inclined  at  an  angle  of  30°  to  the  horizontal,  and 
bearing  on  guide  bars  running  along  the  bottom  of  each  side  of  the 
longitudinal  sleeper  supporting  the  central  rail.*  The  railway  is  worked 
by  two  endless  cables  driven  by  a  steam-engine  at  the  bottom  of  the 
incline,  the  cables  being  so  arranged  that  the  two  ascending  portions 
of  the  two  cables  pass  close  along  each  side  of  the  carriage  on  one  line, 
and  draw  it  up  when  attached,  and  the  descending  portions  similarly 
guide  the  descent  of  the  carriage  on  the  other  line ;  and  the  direction  of 
motion  of  the  cables  is  reversed  by  reversing  the  engine.  The  cables 
have  a  strength  amounting  to  ten  times  their  working  strain ;  the  journey 
up  or  down  is  accomplished  in  10  minutes;  and  powerful  hand  and 
automatic  brakes  ensure  the  safety  of  the  traffic. 

The  Mont  St.  Salvatore  Railway  is  divided  into  two  sections,  rising 
700  feet  and  1275  feet  respectively,  with  gradients  increasing  from  i  in 
si  up  to  I  in  2-g-  between  the  bottom  and  top  of  the  lower  section, 
and  attaining  at  last  i  in  if  on  the  upper  section ;  and  there  are  two 
curves  of  nearly  15  chains  radius  on  the  lower  end  of  the  upper  section.^ 
The  railway  is  laid  to  the  metre  gauge  with  a  single  line  on  each  section, 
and  a  central,  double  Abt  rack  to  control  the  speed  of  the  train.  A 
dynamo-motor  at  the  middle  station  between  the  two  sections,  drives 
a  drum,  13  feet  in  diameter,  at  this  station,  thereby  winding  up  or 
Unwinding  a  wire  cable  which  passes  from  the  driving  drum  round 
another  drum,  iif  feet  in  diameter,  at  the  top  of  the  second  section, 
so  that  when  the  carriage  on  the  lower  section  is  being  drawn  up,  the 

■   Transactians  of  the  American  Institute  of  Alining  Engineers  ^  vol.  xvi.  p.  203. 
*  AnneUes  IndustrielleSy  1879,  col.  520  ;^  and  Proceciiings  Inst.  C.E.^  vol.  Ixiv. 
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iuxording  to  the  relative  loads  of  passengers.  The  speed  is  controlled 
and  the  carriages  can  be  stopped  on  the  incline,  by  a  centrifugal  speed 
regulator,  by  a  hand-brake,  by  a  brake  which  is  brought  into  action  by 
a  weight  descending  when  the  cable  slackens  at  the  bottom  of  the 
uicline,  or  in  the  event  of  its  breaking  at  any  point,  and  by  a  clutch 
wluch  is  automatically  applied  on  the  occurrence  of  a  fracture  of  the 
cable.  On  these  steep  inclines,  the  works  of  construction  are  liable  to 
bo  \  or}'  heavy,  owing  to  the  very  small  scope  for  any  material  alteration 
of  the  gradient,  or  the  introduction  of  curves  (Figs.  173  and  174,  p.  290) ; 
nnd  tlie  (K^rmanent  way  and  rack  have  to  be  very  solidly  laid  and 
aiicliorcd  down  to  prevent  any  downward  movement,  so  that  the  cost  of 
those  railways  is  necessarily  large ;  whilst  the  expenses  for  stations  and 
(Hiuipment  on  these  short  lines  is  considerable  in  proportion  to  their 
longtii.  The  cost  of  the  Territet-Glion  Railway  amounted  to  about 
^'iS,6oo,  which  is  at  the  rate  of  ;£^43,6oo  per  mile;  but  the  railway, 
ha>ing  a  large  traffic,  appears  to  yield  a  good  return  on  the  capital 

The  Marseilles  Cliff  Railway  which  ascends  a  steep  hill,  close  to  the 
tin\n»  on  which  the  church  of  Notre  Dame  de  la  Garde  is  situated,  and 
\\w\\\  wliieh  an  extensive  view  is  obtained,  is  remarkable  for  the  steei> 
noss  of  its  straight  incline,  which  is  at  an  angle  of  59®  48'  to  the 
hoti.ontaK  making  the  gradient  i  in  0*58.^     It  rises  237  feet;  and  the 
lohfith  of  the  incline  is  275  feet,  on  which  a  double  line  of  way  has  been 
laid  thunigluntt  on  solid  masonry  foundations,  with  a  central  rack  in 
\Ay\\  tiaok  fi>r  controlling  the  motion  of  the  carriage.     Four  flat,  steel 
\  ablos,  }\  ii\ehes  wide  and  \  inch  thick,  are  attached  to  each  of  the  two 
«aMta>;os  travelling  on  the  incline,  each  cable  coiling  round  a  separate 
\\\\\\\\  at  the  top  of  the  incline;  and  as  the  eight  drums  have  a  common 
.»Mv.  \\\c  ratiia^es  counterbalance  each  other.     In  spite  of  the  steepness 
of  \\w  \\\c\\\\K\  tiu*  carriages  are  mounted  on  special  framing,  so  as  to 
»uak»^  th<*  oan  iago  floor  level  throughout ;  and  each  carriage  can  hold 
vt'\»  nt\  |\;isNon^ers,  and  has  a  tank  underneath  its  floor  for  receiving  the 
I  »Mi»M«*i|HMNO  water,  the  weight  of  which  would  amount  to  8  tons  if  the 
».n\k  was  ronipU  ti  ly  filliHl.     The  carriage,  when  empty,  weighs  10  tons ; 
M\y\  \W  tank  ol  the  carriage  at  the  top  of  the  incline  is  always  loaded 
\\\\\\  o  tons  of  water,  whioii  provides  a  sufficient  counterpoise  for  setting 
\\\k  »aniaj;**N  \\\  motion,  oven  when  the  top  carriage  is  empty  and  the 
bottiMU  lanugo  has  its  cimiplete  load  of  passengers,  weighing  4 tons 
on  \\w  a>ota,i^\     Only  a  sutlicient  quantity  of  the  normal  counterpoise 
\y\\y\  ot  n  tonv  ol  watoi  is  lot  out,  when  the  carriage  reaches  the  bottom 
ot  \W  \\\y  \\\\\\  to  s<i  the  carriages  in  motion,  which  varies  according  to 
\\\v  »\  latno  wotjjiusoltlu*  jvassongors  ascending  and  descending,  thereby 
•i.»N«nj;  \\w  Muphts  water  ivsulting  from  the  counterpoise  proWded  by 
y.v^^y  \\x\\^\\  \\\  \\w  doMvnding  carriage,  and  returning  it  to  the  summit, 
wht«  \\  « (I^N  |\  at)  «^  ononn*,  since  the  resen-oir  at  the  summit  supplying 
\\\y  \\\\\  \  \\A\  lolu*  ix*plonisluHi  by  pumping.     The  descending  carriage, 
\\\\\\  \\  (ot)^  ol  water  \\\  its  tank,  and  a  full  complement  of  passengers, 
wn)ihn\)i  rtttO);othoi  do  lonK,  im pases  a  maximum  strain  of  17  tons  on 

*  //  «iJr*»#ir  tVr;/,  vol.  xw.  p.  73,  and  plate  5. 
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the  four  cables  to  which  it  is  attached,  which  is  only  one-twelfth  of  their 
combined  breaking  strain.  The  cables  travel  along  the  incline  on  hard- 
wood pulleys  placed  at  intervals  of  36  feet;  and  in  order  to  maintain  a 
uniform  tension  on  the  four  cables  of  each  set  in  working  the  incline, 
the  cables  are  connected  with  the  pistons  of  four  hydraulic  cylinders, 
which  are  all  in  communication. 

The  Cliff  Railway  ascending  from  the  roadway  alongside  the  River 
Avon,  below  the  Bristol  docks,  up  to  Clifton,  a  populous  suburb  of  the 
city  on  high  ground,  possesses  the  peculiarities  of  being  wholly  in  tunnel, 
and  laid  with  four  lines  of  way,  having  a  gauge  of  3-^  feet,  to  accommo- 
date two  pairs  of  ascending  and  descending  carriages.'  This  railway 
rises  300  feet  in  a  length  of  450  feet,  with  a  gradient  of  i  in  2  ;  and  its 
tunnel  through  the  limestone  cliff  bordering  the  Avon,  is  28  feet  wide 
and  T7  feet  high.  The  ascending  and  descending  carriages,  connected 
in  pairs  by  a  wire  cable  encirchng  a  pulley  at  the  top,  revolving  in  a 
plane  parallel  to  the  incline,  are  placed  upon  framing  so  as  to  provide 
a  level  floor  {Fig.  176);  and  the  tank  for  holding  the  counterbalancing 


water  by  which  the  railway  is  worked,  is  contained  within  the  framing, 
the  water  being  supplied  from  a  reservoir  at  the  top,  in  ([uanlities 
varying  with  the  load  to  be  dealt  with,  and  discharged  into  a  reservoir 
at  the  bottom,  from  which  it  is  pumped  up  again.  Hydraulic  brakes 
are  only  prevented  from  gripping  the  rails  and  stopping  the  carriage,  by 

'  Prorttdiitg!  Insl.  C.F.,  vol.  cxvL  p.  320. 
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the  direct  intervention  of  the  conductor ;  and  directly  his  control  of  the 
brake  wheel  is  removed,  the  brakes  come  into  action. 

Saborban  Gable  Railways  worked  by  Stationary  Engines. 
— Sometimes  cable  railways  are  employed  for  connecting  a  town  with 
its  submbs,  where,  for  instance,  a  town  situated  alongside  a  river  is 
eventually  extended  to  the  neighbouring  heights,  as  exemplified  by 
Lyons  and  Havre,  or  where  a  to^n  situated  on  high  ground  requires 
convenient  connection  with  a  village  in  the  plain  below,  of  which 
Lausanne  and  its  port  Ouchy,  on  the  Lake  of  Gene\'a,  furnish  an 
example.  These  cable  railways  resemble  somewhat  in  principle  the 
\*ire-rope  tramways  traversing  streets  with  steep  gradients,  of  which 
some  tramways  at  San  Francisco  are  notable  instances ;  but  they  differ 
from  those  tramways  in  two  important  respects,  namely,  in  running  over 
a  specially  constructed  track  instead  of  along  a  street,  and,  consequently 
also,  in  having  the  cable  above  the  surface.  The  conditions  of  the  site, 
and  the  generally  flatter  or  varying  gradients  of  such  lines  are  not 
usually  favourable  for  the  water-counterpoise  system,  which  has  led 
to  the  adoption  of  stationary  motors  for  actuating  the  cable. 

Lyons,  situated  on  the  low-lying  plain  above  the  confluence  of  the 
Rhone  and  the  Saone,  is  connected  with  its  populous  suburbs  on  high 
ground,  to  the   north  and    west,  by  cable    railways.      The  line  to 
St.  Fourvifere  and  St.  Just  rises  320  feet  in  a  length  of  900  yards,  wifli  a 
gradient  of  i  in  5  along  its  lower  half,  and  i  in  16^  along  its  upper 
half;  and  it  is  laid  with  a  double  line  of  way  to  a  gauge  of  i^  metres 
(4  feet  1 1  inches),  and  is  carried  in  a  tunnel  for  four-fifths  of  its  length.* 
The  trains,  weighing  17  tons,  are  drawn  up  the  incline,  at  a  speed  of 
13   feet  per  second,   by   an   endless  steel- wire  cable,    if   inches  in 
diameter,  and  composed  of  eight  strands  of  19  wires  each,  carried  on 
pulleys,  and  passing  round  a  drum  at  the  top  of  the  incline,  which  is 
driven  by  a  stationary  steam-engine.     Owing  to  the  diff*erence  of  the 
gradient  on  the  two  halves  of  the  line,  the  tractive  force  required  to 
draw  up  a  train  varies  considerably  on  the  two  portions,  quite  irre- 
spectively of  variations  in  the  relative  loading  of  the  ascending  and 
descending   trains.     To  adjust  this  variation,  a  weighted  waggon  is 
provided  for  each  line,  which  only  travels  on  the  lower  steep  incline, 
being  attached  to  its  train  by  a  cable,  450  yards  long,  when  this  train 
is  ascending  and  descending  the  upper,  flatter  incline ;  so  that  this 
weighted  waggon  travels  up  and  down  the  steep  incline  when  the  train 
on  the  other  line  is  going  down  and  up  the  same  incline,  and  thereby 
compensates  for  the  difference  in  the  effective  weights  of  the  trains 
on  the  two  different  gradients.     The  cost  of  this  line,  with  its  equipment, 
was  ;^i3,36o,  or  at  the  rate  of  ^^23,500  per  mile. 

The  cable  railway  connecting  Havre  with  its  suburbs  on  a  hill  to  the 
north,  rises  243  feet  in  a  length  of  390  yards,  with  a  gradient  of  i  in  6|, 
on  a  metal  viaduct  158  yards  long,  followed  by  a  gradient  of  i  in  af 
along  the  upper  portion.^  The  line  is  single,  except  at  the  central  passing- 

*  Revue  ghiiral  des  Chemitis  de  Fir,  1882  (2),  pp.  77  and  163,  and  plates  6  to  la 
-  Lc  Ghtic  Civile  vol.  xix.  p.  233. 
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place ;  and  in  order  that  the  carriages  in  crossing  may  run*  on  their 
respective  lines,  the  wheels  on  one  side,  following  the  outer  rail  in  each 
case,  have  double  flanges ;  the  wheels  on  the  other  side,  following  the 
inner  rail  of  each  line  at  the  crossing,  being  flat  for  passing  readily 
across  the  rails  and  cable  of  the  other  line,  like  the  arrangement  for 
passing  on  the  Stanzerhorn  Railway  (p.  292).  The  cable  by  which  this 
line  is  worked  consists  of  six  strands  of  19  steel  wires  each,  and  is 
subjected  to  a  maximum  strain  of  3^  tons,  only  about  one-tenth  of  its 
breaking  strain ;  and  it  is  guided  by  pulleys  along  the  incline,  and 
passes  round  a  drum  at  the  summit,  13  feet  in  diameter,  which  is  driven 
by  a  steam-engine.  The  ascending  and  descending  carriages,  each 
accommodating  48  passengers,  accomplish  the  journey  in  5  minutes, 
including  an  intermediate  stop  of  2  minutes,  making  the  time  of  transit 
3  minutes  ;  and  brakes  can  very  rapidly  arrest  this  motion,  being  aided 
by  an  Abt  rack  laid  along  the  track. 

The  Ouchy-Lausanne  Railway,  1650  yards  long  and  perfectly 
straight,  surmounts  a  difference  in  level  of  335  feet,  with  a  maximum 
gradient  of  i  in  9 ;  and  it  is  laid  with  a  double  line  to  the  standard 
gauge,  and  is  in  tunnel  along  a  portion  of  its  length.^  The  trains  are 
connected  and  worked  by  a  wire  cable  passing  round  a  drum,  1 9^  feet 
in  diameter,  at  the  top  of  the  incline ;  and  the  drum  is  driven  by  two 
turbines,  7^  feet  in  diameter,  turned  by  a  head  of  water  of  393  feet. 
The  transit  up  or  down  is  eflected  in  about  9  minutes. 

Remarks  on  Gable  and  Mountain  Railways. — Cable  railways 
possess  the  advantages  of  surmounting  rapidly  the  abrupt  differences  of 
elevation  which  present  in  places  serious  impediments  to  intercommuni- 
cation, and  also  of  effecting  the  transit  in  an  economical  manner  by 
means  of  counterbalancing  carriages  and  the  addition  of  a  counterpoise 
of  water.     The  actual  speed  of  the  carriages  on  these  lines  is,  indeed, 
not  rapid ;  but,  owing  to  the  steepness  of  the  incline  and  the  directness 
of  the  course,  a  cable  railway  conveys  passengers  from  point  to  point 
far  more  rapidly  than  the  journey  could  possibly  be  effected  by  any 
conveyance  over  a    necessarily   long,   winding   road.     Though   cable 
traction  has  occasionally  been  employed  for  ascending  hills  of  moderate 
height,  or  a  suitable  portion  of  a  mountain  slope,  or  for  surmounting  a 
sudden  rise  of  the  general  level  of  a  country,  its  chief  utility  consists  in 
affording  cheap  and  rapid  communication  between  neighbouring  places 
situated  at  very  different   elevations.     Moreover,   the   system   is   not 
adapted  for  the  conveyance  of  heavy  trains ;  and  a  large  traffic  on  a 
through  line  can  only  be  passed  over  a  steep  cable  section,  by  taking 
the  trains  up  the  incline  in  two  or  more  divisions.     The  value  of  these 
cable  railways  in  uniting  towns  and  their  suburbs,  or  adjacent  districts, 
more  or  less  separated  by  physical  obstacles,  is  forcibly  demonstrated  by 
the  very  large  passenger  traffic  they  attract.     The  direct  course,  how- 
ever, which  must  be  followed  by  these  cable  lines,  and  the  importance 
of  avoiding  abrupt  changes  of  gradient,  necessitate  heavy  works  for 
their  construction. 

*  Organ  fiir    dU    ForlschntU    des  Eisaibahuwesens  in   technischcr    Bczuhung^ 
Wiesbaden,  vol.  xiv.  p.  41. 
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Rack*  railways  ascending  mountains  resemble  light  railways  in 
keeping  down  the  cost  of  works,  by  following  along  the  surface  as  nearly 
as  practicable  by  means  of  steep  gradients  and  sharp  curves ;  and  they 
enable  numbers  of  persons  to  enjoy  the  benefits  of  mountain  air,  and 
the  pleasures  of  mountain  scenery,  who  would  be  quite  incapable  of 
attempting  steep  ascents  on  foot;  but  such  lines  are  not  adapted  for 
conveying  heavy  loads. 

Rack  sections  on  steep  inclines,  interspersed  between  ordinary 
gradients,  and  traversed  by  combined  rack  and  adhesion  locomotives, 
enable  railways  to  be  extended  into  mountainous  districts,  where 
gradients  suitable  for  adhesion  throughout  would  be  either  unattainable, 
or  could  not  be  provided  at  a  cost  at  all  consistent  with  the  prospects 
of  traffic.  This  combined  system  of  rack  inclines  and  adhesion 
gradients,  accordingly,  offers  important  facilities  for  the  extension  of 
railways  into  districts  which  might  otherwise  have  been  reasonably 
regarded  as  beyond  the  range  of  railway  accommodation. 


CHAPTER  XIX. 
TRAMWAYS. 

ifTerences  between  tramways  and  railways— Foundations  for  track  of 
tramways,  materials  employed— Tramway  sleepers :  forms,  materials 
used — Tramway  rails  :  kinds  in  use  at  present  time  ;  step  rail,  its  merits 
and  defects,  used  in  United  States ;  grooved  rail,  its  advantage  and 
disadvantage,  instances  of  its  adoption ;  flat-bottomed  rail,  value, 
objections  to  its  use  ;  flat-bottomed  ^ooved  rail,  its  weight,  varieties  of 
form,  resistance  to  traction — Formation  of  road  :  forms  of  paving  used  ; 
macadam,  conditions  of  its  employment — General  design  :  arrangement 
of  track,  in  Great  Britain,  in  United  States,  arrangement  of  rails  at 
passing-places— Gauges :  varieties,  in  United  Kingdom,  on  Continent, 
m  North  America — Methods  of  traction :  horse,  cable,  steam,  fireless 
motors,  electricity — Cable  traction :  conditions  of  use,  description, 
arrangements,  merits,  and  defects — Steam  traction  :  relative  merits  of 
locomotives  and  steam  cars,  instances  of  use — Various  forms  of  motors  : 
fireless  locomotives  ;  compressed-air  motors ;  gas  and  oil  engines  ; 
•their  relative  merits  and  defects — Electrical  traction  :  three  general 
methods  ;  overhead  wire  with  trolley  ;  underground  conductors ;  accu- 
mulators ;  the  conditions  affecting  their  adoption,  their  respective  merits 
and  defects  ;  central  surface  conductor  on  a  Paris  tramway,  description 
of  arrangements — Cost  of  construction  of  tramways  :  capital  cost  per 
mile  in  some  countries ;  with  different  modes  of  traction — Cost  of 
working  :  with  principal  systems  of  traction — Lengths  of  tramways  :  in 
North  America,  worked  by  different  systems  of  traction,  changes  in 
traction  indicated,  remarkable  increase  in  electrical  traction ;  pre- 
dominance of  horse  and  steam  traction  in  Europe,  in  United  Kingdom; 
prospects  of  electrical  traction — Peculiar  methods  of  transit  on  rails 
over  water:  two  methods  recently  adopted — Elevated  car  travelling 
along  seashore  :  description  of  line  from  Brighton  to  Kottingdean, 
method  of  working,  speed,  cost — Suspended  travelling  car :  object,  merit 
of  system  for  crossing  navigable  waterways  ;  established  across  River 
Nervion  near  its  mouth,  headway  provided  for*  navigation,  distance 
traversed,  speed  of  transit ;  established  across  River  Seine  at  Rouen. 

Tramways  possess  the  advantage  of  reducing  the  resistance  to  traction, 
ike  railways,  by  running  with  flanged  wheels  on  smooth  railH  laid  to  an 
xact  gauge.  They  differ,  however,  from  railways  in  general  by  running 
long  the  streets  and  public  roads,  and  therefore  saving  the  jiurchaw--  of 
ind  and  the  formation  of  a  special  route,  and  even  from  light  railwayn 
sing  the  side  of  the  road,  by  running  on  rails  flush  with  the  surface  of 
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the  road,  with  a  groove  for  the  flanges,  instead  of  on  elevated  rails,  so 
as  not  to  interfere  with  the  ordinary  vehicular  traffic,  thereby  shariog 
the  road,  along  a  particular  line,  with  the  other  vehicles,  instead  of 
monopolizing  a  special  track.  Tramways  also  differ  from  railways  in 
being  used  exclusively  for  the  conveyance  of  passengers,  like  omnibuses, 
and  not  for  the  carriage  of  goods;  and  they,  moreover,  usually  take  up 
and  set  down  passengers  at  any  point  on  their  route,  and  not  like  rail- 
ways only  at  fixed  stations,  which  is  made  easy  by  their  very  moderate 
speed,  and  rendered  expedient  by  the  comparatively  short  distances 
and  populous  districts  they  ordinarily  traverse. 

As  tramways  have  their  route  ready-made  for  them  in  the  streets 
and  roads  they  pass  along,  the  engineering  interest  in  them  is  confined 
to  the  forms  of  rails  adopted,  with  the  character  of  their  foundations 
and  accessories,  constituting  the  track,  and  the  various  methods  of 
traction  resorted  to. 

Foundations  for  Tramway  Track. — ^Though  tramways  in  towns 
are  laid  along  streets  which  have  been  consolidated  by  traffic  and 
renewals  of  surface,  it  is  important  to  lay  a  solid  bed  of  concrete 
under  the  longitudinal  sleepers,  or  encasing  the  cross  sleepers,  so  as 
to  ensure  the  maintenance  of  the  level  of  the  rails,  especially  where 
there  is  a  prospect  of  heavy  traffic,  and  some  form  of  mechanical 
traction  is  to  be  employed  (Figs.  178  to  180,  p.  303).  Outside  towns, 
however,  in  the  United  States,  gravel  and  sand  are  commonly  used 
for  the  foundation  layers,  to  diminish  the  cost  of  construction  in 
undeveloped  districts. 

Tramway  Sleepers. — Timber  longitudinal  sleepers,  resting  upon 
cross  sleepers,  were  used  for  affording  the  necessary  continuous  support 
for  the  original  flat  forms  of  stepped  or  grooved  rails  (Fig.  177,  j)  ;  and 
longitudinal  steel  sleepers  embedded  in  concrete  are  sometimes  used 
now  for  carrying  the  grooved,  flat-bottomed  rails  of  the  present  day 
(Fig.  177,/).  Cast-iron  chairs  of  various  patterns,  laid  at  intervals  on 
the  foundation,  for  supporting  shallow  types  of  rails,  connected  together 
in  pairs  across  the  track  by  ties  to  preserve  the  gauge,  were  extensively 
used  at  one  period ;  ^  whilst  in  one  system,  the  chairs  have  been  con- 
verted into  an  almost  continuous,  cast-iron  longitudinal  sleeper  laid  in 
3-feet  lengths  (Fig.  177,  c).  Cross  sleepers  of  timber  and  steel  are  ver)' 
frequently  used  for  supporting  the  ordinary  flat-bottomed  rails  which  are 
preferred  in  the  United  States  for  suburban  tramways  (Fig.  178),  and 
the  modern  flat-bottomed,  grooved  rails  sogenerally  employed  in  towns' 
(Fig.  179);  whilst  the  high,  heavy  rails  of  the  flat-bottomed  grooved 
type  (Fig.  177,  ^,  and  Fig.  180),  used  with  deep  paving,  are  usually  laid 
direct  on  the  concrete  foundation,  being  maintained  in  gauge  by  cross 
ties  (Fig.  182,  p.  309). 

Tramway  Rails. — Various  forms  of  rails  have  been  introduced 
from  time  to  time  for  tramways,  several  of  which  have  been  abandoned 
as  unsatisfactory;  but  the  chief  types  in  common  use  at  the  present 


*  Proceedings  Inst.  C.E.^  vol.  ciii.  pp.  204  to  206. 

-  "  Electric  Railways  and  Tramways,  their  Construction  and  Operation,"  Philip 
Dawson,  pp.  33  and  34. 
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|iine  arc  given  in  Fig.  r;;.  They  may  be  classed  under  tivo  groups, 
natnely,  the  step  rail,'  and  the  grooved  rail,  the  first  three  sections  ot 
mils  in  Fig.  177  belonging  to  the  first  group,  and  the  four  others  to  lh( 
Eccond  group.  In  each  case,  flat,  shallow  rails  were  first  adopted,  sup" 
on  longitudinal  sleepers,  exhibiting  considerable  variety  in  fona^ 
inections,  especially  in  the  case  of  the  grooved  rail  ;  whilst  greatet 
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Bty  and  strength  have  been  subsequently  secured  by  the  etnploy- 
t  of  flat-bottomed  rails.     The  ordinary  flat-bottomed  rail  used  on 
iODie  American  tramways  is  merely  the  adaptation  of  a  railway  rail,  as 
L  £1^^  practicable,  to  the  special  recjuiremenis  of  a  tramway,  which  are 
■~*~ '-- jcrfectly  fulfilled  (Fig.  r78,  left  halQ. 
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The  step  rail  with  its  up[n;r  surface,  on  which  the  wheels  nui,  raised 
sufficiently  above  the  surface  of  the  road  (Fig.  177,  a,  d,  and  r,  and  Fig. 
178),  to  allow  the  fianges  guided  by  the  step  to  clear  the  flat  surface  ai 
the  base  of  the  step,  possesses  the  advantage  of  providing  a  clear  passage 
for  the  flanges  of  the  wheels  of  the  tramcars,  unimpeded  by  the  din 
which  is  liable  to  accumulate  in  grooves,  more  particularly  on  uncared- 
for  roads.  By  the  projection,  however,  of  the  step  above  the  road,  this 
form  of  rail  fails  to  fulfil  the  primary  requirement  for  a  tramway  rail  laid 
along  a  road,  of  not  impeding  the  vehicular  traffic  on  the  road.  Never- 
'leless,  in  the  United  States,  as  the  carriage  traffic  is  small,  and  caits 
easily  along  the  flat  surface  at  the  base  of  the  step,  the  raised  step 
not  generally  objected  to,  as  it  would  be  in  Europe  ;  and  it  a, 
:ording!y,  used  in  a  large  number  of  towns,  especially  in  the  Eastern 
Slates.  In  the  Western  Slates,  though  the  step  rail  is  also  used,  the 
ordinary  flat-bottomed  tail  is  preferred  (Fig.  r78,  left  half,  p,  303). 

The  grooved  rail  is  commonly  used  in  Europe,  on  accoimt  of  its  not 
interfering  with  the  surface  of  the  streets  and  roads ;  though  the  resist- 
ance to  traction  is  considerably  increased  when  the  groove  becomes 
ipartially  filled  with  dirt,  and  consequently  impedes  the  passage  of  the 
flanges,  and  especially  when  the  dirt  becomes  frozen  in  the  groove 
The  flat-bottomed,  grooved  rail  has  also  been  adopted  in  Canadian 
cities,  as,  for  instance,  in  Montreal  and  Toronto  (Fig.  1 79,  p.  303) : 
but  in  the  United  States,  it  is  only  employed  where  other  forms  of  rails 
are  prohibited,  as  in  New  York,  where  flat-bottomed,  grooved  rails,  as 
shown  in  Figs.  177,  J,  and  180,  p.  303,  have  been  laid  of  late  years.' 

The  railway  flat-bottomed  rail  possesses  a  still  greater  advantage  u 
regards  ease  of  traction  than  the  step  rail,  and  it  is  strong  and  nadiij 
laid ;  but  the  space  for  the  flanges  between  the  rail  and  the  ceninl 
paving,  is  either  imperfectly  secured  by  leaving  a  gap  between  the  nil 
and  the  paving-stones,  which  is  liable  to  be  partially  closed  by  any  dis- 
placement of  the  latter,  or  is  obtained  by  lowering  the  sur&ce  of  the 
paving  on  approaching  the  rail  (Fig.  178,  p.  303),  which  renders  the 
rail  an  obstruction  in  the  roadway. 

Flat-bottomed  tramway  rails  are  connected  by  fish-plates,  like  Ibe 

raits  of  a  railway.     Their  weight  varies  within  wide  limits,  owing  to  ll* 

considerable  differences  in  their  height     Thus  the  shorter  flat-bottoiDfidi 

grooved  rails,  resting  upon  sleepers,  weigh  generally  from  about  40  W 

70  lbs.  per  lineal  yard,  and  the  high  rails,  bedded  on  the  concicU 

foundation,  from  70  to  100  lbs. ;  whilst  some  of  the  high,  fiat-bottomed. 

)  rails  laid  in  Boston,  U.S.,  weigh  slightly  over  100  lbs.  per  yard. 

A  central  groove  has  occasionally  been  adopted,  but  without  anj 

ipparent  advantage  ;  whilst  the  ordinary  side  groove  enables  the  wheels 

o  press  more  directly  over  the  central  web  of  the  flat-bottoiucd  rail 

The  best  form  of  groove  is  one  with  a  vertical  face  adjoining  the  mck 

*  the  wheels,  and  a  sloping  face  on  the  inner  side,  so  aa  to  enable  the 

nges  to  more  readily  push  the  impeding  dirt  out  of  the  groove,  whidi 

considered  to  be  best  attained  by  the  most  recent  form  of  grooved 

r  .ViviiTji  0/  Civil  Enginetri,  vol.  naiB.  p.  JJ. 
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rail  laid  down  in  New  York  (Fig.  180,  p.  303).  The  resistance  to  traction 
on  a  level  tramway  with  grooved  rails,  has  been  estimated  at  20  lbs.  per 
ton  on  the  well-kept  tramways  of  Europe ;  whilst  the  less  careful  main- 
tenance of  the  tramways  in  the  United  States,  has  been  reckoned  to 
more  than  neutralize  the  advantage  to  traction  of  the  step  rail  over 
the  grooved  rail,  making  the  resistance  to  traction  22  to  24  lbs. 
per  ton. 

Formation  of  Road  for  Tramways. — The  space  between  the 
tramway  rails,  and  for  about  2  feet  or  more  beyond  on  each  side,  is 
usually  paved  in  order  to  maintain  the  track,  and  prevent  the  displace- 
ment and  injury  to  the  rails,  which  would  occur  under  a  heavy  traffic  if 
they  protruded  above  a  wom-down  road.  The  best  paving  for  with- 
standing a  very  heavy  vehicular  traffic,  often  met  with  in  the  principal 
streets  of  a  large  town,  consists  of  hard  stone  setts,  laid  in  rows  3  or 
4  inches  in  width,  and  firmly  bedded  on  the  top  of  a  concrete  founda- 
tion. The  stone  must  be  of  a  quality  not  liable  to  wear  smooth  and 
therefore  become  slippery,  but  preserving  a  rough  surface,  and  conse- 
quently affording  a  good  foothold  for  horses,  such,  for  instance,  as 
Aberdeen  granite  with  a  heavy  traffic,  and  millstone  grit  for  less  fre- 
quented roads.  Cobble-stones  were  formerly  largely  used  for  suburban 
and  country  tramway  tracks  in  the  United  States,  as  affording  a  cheap 
paving,  and  a  fairly  good  foothold  for  horse  traction. 

Hard  or  vitrified  bricks  with  a  rough  surface  are  sometimes  used  for 
paving  the  track  of  a  tramway,  where  suitable  stone  is  scarce  or  dear, 
and  a  fairly  economical  paved  roadway  is  required  (Figs.   178  and 

179.  P-  303)- 

Wood  blocks  furnish  a  cheap  and  noiseless,  but  less  durable  paving  ; 

but  the  blocks  must  be  creosoted,  or  made  of  a  close-grained  wood,  so 
as  not  to  be  liable  to  swell  from  absorption  of  moisture  and  dislocate  the 
track.  When  the  roadway  is  paved  with  hard-wood  blocks  on  a  concrete 
foundation,  the  same  paving  suffices  for  the  track  of  the  tramway. 

Asphalt  has  often  been  regarded  as  unsuitable  for  tramway  paving 
where  the  traffic  is  heavy,  on  account  of  its  liability  to  break  away  at 
the  edges  alongside  the  rails ;  but  this  objection  may  be  obviated  by 
laying  a  row  of  hard  blocks  of  stone,  scoria,  or  brick  by  the  side  of  the 
rails  as  an  edging  to  the  asphalt,  strong  enough  to  bear  the  shocks  of 
the  wheels  running  along  or  across  the  rails  (Figs.  179  and  180,  p.  303). 
Where  the  vehicular  traffic  is  not  very  heavy,  as  in  several  of  the  large 
western  towns  of  the  United  States,  asphalt  has  been  laid  down  in  the 
streets  alongside  tramway  lines,  without  any  hard  edging,  with  satis- 
factory results,  even  when  ordinary  flat-bottomed  rails  are  emi)loyed : 
and  a  sufficient  width  of  groove  inside  the  rail  is  secured,  by  running  a 
heavy  car  with  wide  flanges  over  the  track  whilst  the  asphalt  is  still 
soft;  *  but  such  a  roadway  could  only  prove  durable  near  the  rails,  with 
the  best  asphalt  and  a  moderately  light  traffic.  In  broad  streets  also  in 
New  York,  where  the  traffic  is  light  and  does  not  follow  the  tramway 

•  *■  Electric  Railways  and  Tramways,  their  Construction  and  0|HTation,"  Philip 
Dawfon,  pp.  28  and  35. 
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mck.  the  asphalt  has  been  carried    right  up  to  the  grooved  rails 
<Fig.  iSo,  right  half,  p.  303). 

A  macadamized  track  is  commonly  considered  objectionable  for  a 
tramway,  on  account  of  the  difficulty  of  maintaining  the  level  and  keep- 
in*:  in  good  repair  the  narrow  strip  of  road  between  the  rails ;  and  in  a 
populous  couniTk-  distrirt,  it  is  certainly  expedient  to  adopt,  if  possible, 
some  cheap  form  of  paving  for  tramway  tracks,  even  outside  towns.  In 
Tvcendy  settled  and  undeveloped  localities,  however,  where  tramways 
are  carried  beyond  the  limits  of  the  new,  straggling  towns,  with  a  view  lo 
their  extension  and  the  development  of  the  district,  and  furnish  the  best 
means  of  conveyance  along  the  roughly-formed  roads,  it  is  often  necessai)' 
to  rest  content  with  macadam,  as  economy  in  construction  is  of  primary 
importance  for  tramways  under  such  conditions  ;  and  paving  the  track 
would  render  the  cost  of  laying  them  down  prohibitive. 

General  Design  of  Tramwa3r8. — ^Tramways  are  usually  laid  with 
only  a  single  line  in  the  centre  of  the  street  or  road,  with  passing-places 
at  suitable  inter\'als.  Along  routes,  however,  where  the  tramway  traffic 
is  considerable,  a  double  line  is  adopted,  preventing  delays  in  waiting  at 
the  passing-places  for  the  car  going  in  the  opposite  direction,  and 
allowing  much  greater  freedom  in  running  the  cars,  but  involving  a 
much  larger  cost  in  construction. 

In  towns  in  Great  Britain,  the  Tramway  Act  of  1870  requires  that 
the  tramway  lines  shall  be  laid  along  the  centre  of  the  street,  and  not 
nearer  the  curbstones  of  the  footpaths  than  9^  feet  for  a  length  of  over 
30  feet,  to  afford  adequate  facilities  for  the  passage  of  vehicles.  When 
the  street  is  too  narrow  to  admit  of  full  compliance  with  the  above  con- 
ditions, one  rail  only  is  sometimes  placed  at  the  prescribed  distance 
from  the  curb,  and  the  other  rail  allowed  to  be  put  as  much  nearer  as 
the  insuf^cient  width  necessitates.  In  very  narrow  streets,  however, 
the  passage  of  the  tramcars  in  both  directions  on  one  side  of  the  street, 
would  cause  the  cars  running  in  the  wrong  direction  as  regards  their 
side,  to  interfere  seriously  with  the  passage  of  the  general  traffic ;  and 
therefore,  where  the  width  is  not  sufficient  for  vehicles  to  pass  on 
either  side  of  the  tramcars,  the  tramway  has  to  be  made  with  a  double 
line,  so  that  the  cars  may  run  on  each  side  in  the  same  direction  as 
the  vehicles. 

In  the  United  States,  the  tramways  generally  run  along  the  centre  of 
the  streets  in  towns,  and  also  in  the  centre  of  suburban  roads  less  than 
50  feet  wide ;  but  where  the  width  of  these  roads  is  50  feet  or  over,  the 
tramways  are  often  with  advantage  laid  with  a  line  on  each  side  of  a 
central  carriage-way  of  20  feet,  with  side  roadways  along  each  margin 
for  the  local  traffic.^ 

The  entrances  to  the  lines  of  the  passing-places  on  a  single  line  of 
tramway,  should  be  so  arranged  that  the  car  may  run  without  fail  on  to 
its  proper  line.  This  is  best  effected,  with  grooved  rails,  by  the 
arrangement  of  rails  and  crossings  shown  on  Fig.  181,  in  which  the 
entering  car  is  made  to  follow  a  straight  course  in  leaving  the  single 

*   Tramactions  of  the  American  Society  of  Civil  Engineirs^  vol.  xxzvii.  p.  69. 
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II  the  flanges  of  its  front  wheels  have  entered  the  grooves  in  the 
f  its  proper  line.* 

TRAMWAY  PA88INQ-PLACE. 
Fig.  181. 


auges  of  Tramways. — The  standard  railway  gauge  of  4  feet  8, 
\  has  naturally  been  very  extensively  adopted  for  tramways ;  but 
IS  other  gauges  have  also  been  laid  down.  In  Great  Britain,  the 
ird  gauge  is  the  most  common ;  but  several  tramways  have  been 
a  gauge  of  4  feet,  and  also  of  3  feet  6  inches,  which  is  the  gauge 

Clay  Street  and  Sutton  Street  cable  tramways  in  San  Francisco,  and 

a  gauge  of  3  feet ;  whilst  tramways  in  Ireland  have  been  laid  to 
ish  railway  gauge  of  5  feet  3  inches,  to  the  ordinary  standard  gauge 
feet  8^  inches,  to  a  3-feet  gauge,  and  one  tramway  to  a  gauge  of 
t  6  inches.^  The  metre  gauge  has  been  resorted  to  on  some 
n  tramways,  as,  for  instance,  at  Lausanne  and  at  Belleville  in  Paris, 
auges  of  less  than  3  feet  in  Piedmont ;  whilst  in  the  United  States 
[Canada,  though  the  standard  gauge  is  by  far  the  most  common, 

tramways  have  gauges  of  3  feet  6  inches,  several  of  3  feet,  and  a 
r  4  feet ;  and  some  have  gauges  ranging  between  4  feet  \o\  inches 
;  feet  3  inches.' 

he  use  of  the  standard  gauge  makes  it  possible,  in  special  cases,  to 
»ct  a  tramway  with  a  railway,  provided  the  groove  is  given  an 
late  width ;  and  this  gauge  possesses  the  more  general  advantage  of 
iding  with  the  width  between  most  cart-wheels,  so  that  heavy  carts 

along  the  tramway  track  run  mainly  on  the  rails,  and  therefore  do 
ear  down  the  paving.  With  a  narrow  gauge,  on  the  contrary,  as, 
stance,  the  fairly  common  3-^feet  gauge,  the  wheels  on  the  one  side 
;  carts  often  keep  on  one  of  the  rails ;  whilst  the  other  wheels  wear 

the  paving  at  its  weakest  part,  on  the  outside  of  the  track.  On  the 
hand,  a  narrow  gauge  reduces  the  cost  of  construction,  enables  the 
>ite  width  to  be  provided  at  the  sides  in  narrower  streets,  and 
ates  the  passage  of  cars  round  the  very  sharp  curves,  of  from  about 
;t  down  to  30  feet  radius,  necessitated  for  turning  round  the  corners 
eets,  where  no  elevation  of  the  outer  rail  is  permissible. 
[ethods  of  Traction  on  Tramways. — Horse  traction  was 
ally  the  first  method  adopted  for  tramcars,  being  the  common  system 
e  on  streets  and  roads ;  and  the  tramway  by  greatly  reducing  the 

^oceedings  Inst.  C.E.^  vol.  ciii.  p.  220. 

*  Return  relating  to  Street  and  Road  Tramways,  for  the  year  ending  the  30lh  of 
1900,"  London. 

•  Poor's  Manual  of  the  Railroads  of  the  United  States,  1900,"  New  York, 
artment  of  Street  Surface  Railroads  in  the  United  States  and  Canada,"  pp. 
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resistance  to  traction,  enables  one  or  two  horses  to  do  readily  the  work 
of  two  or  more,  or  draw  a  heavier  load  than  on  roads,  and  also  pro\ides 
a  much  smoother  motion  than  omnibuses.  This  system,  however,  though 
convenient  enough  along  fairly  level  streets  and  for  short  distances,  is 
unsuited  for  streets  with  steep  gradients ;  and  it  is  too  slow  for  surburban 
and  country  lines,  where  long  distances  have  to  be  traversed,  and  higher 
speeds  are  both  allowable  and  expedient 

Cable  traction  for  tramw*ays  was  first  introduced  in  San  Francisco  in 
1873,  where  the  steepness  of  some  of  the  streets,  reaching  a  maximum 
inclination  of  about  i  in  6,  in  the  busiest  quarter  of  the  city,  and  their 
consequent  inaccessibility  by  ordinary  tramways,  threatened  to  draw  away 
their  trade  when  the  level  portions  of  the  city  had  been  well  supplied 
with  horse  tramways. 

Steam  traction  was  also  naturally  resorted  to  in  the  early  days  of 
tramways,  in  imitation  of  railways  for  increasing  the  speed  and  power, 
and  reducing  the  cost  of  traction ;  but  steam  motors  on  streets  and  roads 
have  had  to  be  materially  modified,  so  as  to  prevent  the  noise  and  visible 
escape  of  steam  and  smoke  inherent  in  the  working  of  railway  loco- 
motives, in  order  to  avoid  frightening  horses  and  incommoding  the 
public. 

Various  motors  have  been  tried  as  substitutes  for  tramway  locomotives, 
so  as  to  get  rid  of  the  inconveniences  entailed  by  burning  fuel  in  a  furnace 
when  passing  along  public  thoroughfares.  Thus  fireless  locomotives 
have  been  employed,  charged  at  first  with  ammonia,  but  subsequendy 
with  water  superheated  under  pressure,  and  also  compressed-air  motors ; 
whilst  the  gas  engines  more  recently  introduced,  effect  the  same  object 
in  a  different  way. 

Electrical  traction  has  of  late  years  become  a  very  popular  method 
for  tramways,  and  is  being  rapidly  developed,  more  especially  in  the  form 
of  the  overhead  wire  and  trolley  system  ;  but  where  overhead  wires  are 
considered  objectionable,  it  has  been  effected  by  means  of  underground 
conductors,  and  to  a  small  extent  in  special  cases  by  means  of  accumu- 
lators, as  the  raised  conductor  in  the  centre  of  the  track,  adopted  for  die 
Liverjx)ol  Overhead  Rail^ny  and  other  electric  railways,  is  not  available 
for  electric  tramways  traversing  streets. 

Cable  Traction  on  Tramway& — Cable  traction  can  only  be 
employed  with  advantage  for  tramcars  when  steep  gradients  occur  on 
portions  of  the  route,  or  where  the  traffic  is  considerable,  so  that  the 
power  imparted  to  the  endless-wire  cable  running  under  each  line  of  way, 
can  be  continually  utilized  in  hauling  along  a  succession  of  cars  in  both 
directions.  Edinburgh,  Streatham  Hill,  Highgate  Hill,  and  Belleville  in 
Paris,  furnish  examples  of  cable  tramways  working  on  steep  gradients : 
whilst  Chicago  affords  an  instance  of  fairly  level  tramways,  with  a  very 
large  traffic,  worked  economically  by  cable ;  and  in  San  Francisco,  where 
the  cars  run  at  intervals  of  5  minutes  for  sixteeen  hours  a  day,  the  cable 
system  has  been  extended  to  the  level  streets. 

The  system  comprises  a  longitudinal  slit  in  the  centre  of  each  track, 
I  to  li  inches  wide,  rigidly  formed  by  angle-  or  channel-irons  at  the  top 
of  the  conduit  containing  the  travelling  cable,  through  which  the  gripper 
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passes  for  catching  hold  of  the  cable,  so  as  to  communicate  its  motion  to 
the  car  (Figs.  18a  and  183).'  The  conduit  under  the  road  is  lined  with 
concrete,  or  iron  encased  generally  in  concrete,  strengthened  at  short 
intervals  by  iron  cross  frames,  and  contains  the  pulleys  supporting  the 


cable,  being  made  deep  enough  to  allow  the  dirt  from  the  road,  unavoid- 
-ably  falling  down  through  the  slit,  to  accumulate  to  some  extent  at  the 
bottom  without  interfering  with  the  pulleys,  till  it  can  be  removed ;  and 


the  water  penetrating  into  the  conduit  is  led  away  by  a  drain.  Pulleys 
placed  at  intervals  of  about  30  to  40  feel  along  the  bottom  of  the 
conduit,  guide  and  support  the  cable,  turning  on  horizontal  axes  along 
the  straight  portions  of  the  line,  and  inclined  [o  the  horizontal  along 
'  Aniiales  da  Penis  tt  Ckausi/es,  1 893  ( 1 ),  p.  533,  and  p.  614  bit. 
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curves^  (Fig.  184);  whilst  at  changes  to  a  rising  gradient,  puUejs 
have  to  be  placed  at  the  top  of  the  conduit  above  the  cable,  to 
keep  it  down  in  position  whilst  changing  its  inclination.  The  cable 
composed  of  steel  wires  wound  in  strands  round  a  central  core  of 
hemp  to  give  it  flexibility,  has  usually  a  diameter  of  between  i  and  i| 
inches ;  and  the  pulleys  along  the  straight  portions  have  a  diameter  df 
from  8  to  21  inches,  and  on  curves  of  16  inches  to  4  feet.  The  cable 
passes  at  one  end  round  two  driving  pulleys,  or  drums,  of  large  diameter, 
travelling  either  in  a  parallel  direction  between  the  pulleys,  or  crosswise 
so  as  to  wind  round  the  pulleys  in  the  form  of  the  figure  8  ;  and  it  passes 
round  a  large  return  pulley  at  the  other  end.  The  cable  is  kept  taut  by 
a  pulley  placed  on  a  small  trolley  running  on  wheels,  round  which  it  turns; 
for  the  cable  in  shortening  draws  the  pulley  forward,  which  thereby  raises 
a  weight ;  and  when  it  becomes  slack,  the  weight  draws  the  pulley  back 
again  and  tightens  up  the  cable.^ 

The  gripper  has  to  be  so  designed  as  readily  to  catch  hold,  and  to 
leave  go  of  the  cable ; '  and  it  is  either  placed  upon  a  special  dummy  car 
which,  where  the  cable  traction  is  only  used  for  surmounting  inclines  on 
a  portion  of  a  tramway  line,  draws  one  or  more  cars  up  the  steep 
gradients,  or  is  located  on  the  cars  themselves,  especially  on  tramways 
worked  solely  by  cable,  which  arrangement  has  the  advantage  of  makii^ 
the  cars  self-contained. 

Cable  traction  possesses  the  advantage  of  enabling  the  power  required 
for  working  a  long  line  of  tramway  to  be  produced  at  a  single  station, 
generally  by  means  of  a  steam-engine,  and  thereby  generating  the 
necessary  force  economically,  and  proportionating  it  to  the  actual  woii 
done  along  the  whole  circuit.  As,  how^ever,  the  cable  has  to  be  kept 
constantly  in  motion,  which  absorbs  a  considerable  proportion  of  the 
whole  power  expended  in  working,  the  system  is  best  adapted  for  a  large 
traffic.  A  breakdown  of  the  engines  supplying  the  motive  power,  or  a 
fracture  of  the  cable,  stops  all  the  traffic  till  the  repairs  are  completed, 
unless  horses  can  be  procured ;  but  careful  inspection  during  the  regular 
periods  of  rest  can,  in  great  measure,  prevent  these  accidents.  The  rate 
of  motion  of  the  cable  determines  the  speed  of  the  cars,  and  is  generally 
comprised  between  5  and  9  miles  an  hour,  which  is,  on  the  average, 
notably  quicker  than  ordinary'  horse  traction,  reckoned  at  ^  miles  an 
hour.  Where  different  lines  of  cables  have  to  be  worked  at  different 
speeds  from  the  same  power  station,  the  diameters  of  the  driving  pulleys 
are  made  different,  so  as  to  produce  the  respective  speeds  ;  but  when  a 
slower  speed  is  required  for  a  section  of  the  line  at  a  distance  from  the 
power  station,  the  modification  in  the  speed  of  the  auxiliary  cable  has  to 
be  effected  by  pulleys  inserted  under  the  line,  actuated  by  the  main  cable, 
which  turn  pulleys  of  smaller  diameter  imi)arting  a  slower  speed  to  the 
auxiliary  cable  wound  on  them. 

*  Annales  des  Pouts  et  Chaussies^  1893  (i),  j).  526. 
-  Ibid,^  1896  (l),  p.  231,  and  plate  17,  figs.  6-9. 

'  Ibid.^  p.  223,  and  plate  16,  figs,  i-ii  ;  and   Proceedings  InsL  C.E.^  vol.  l«ii. 
J).  211  ;  and  vol.  cvii.  p.  327,  and  plate  7,  figs.  4-7. 
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Steam  Traction  for  Tramwasrs. — Traction  by  steam  on  tn(m- 
wa3rs  b  effected,  either  by  a  locomotive  cased  round  to  conceal  the 
machinery,  and  free  from  noise  in  working,  drawing  along  two  or  more 
cars,  or  by  a  steam-engine  placed  within  the  car  itself  at  one  end. 

A  tramway  locomotive  is  employed  to  the  best  advantage  in  drawing 
a  train  of  three  or  more  cars  at  a  good  speed  for  a  long  distance,  and,  in 
fact,  when  the  conditions  approximate  to  those  of  a  light  railway,  with 
trains  running  at  considerable  intervals  of  time  apart.  These,  unfor- 
tunately, are  not  the  conditions  applying  to  ordinary  tramways  in  towns, 
where  a  very  frequent  service  of  single  cars,  going  at  a  moderate  speed, 
is  the  most  suitable  for  the  requirements  of  the  inhabitants.  The  weight 
of  the  locomotive,  moreover,  necessitates  the  use  of  a  heavy  rail,  and  a 
solidly-laid  track.  Steam  tramway  locomotives,  however,  besides  being 
able  to  draw  heavy  loads  on  ordinary  gradients,  are  capable  of  ascending 
steep  gradients  with  moderate  loads,  up  to  about  i  in  1 5  ;  and  though 
they  cannot  surmount  the  steep  inclines  worked  by  cables,  they  have  the 
advantage  over  cables  of  being  able  to  vary  their  speed  to  suit  the  con- 
ditions, and  of  proportioning  their  work  to  their  load. 

Tramway  cars  carrying  their  steam-engines,  have  the  merits  of  being 
self-contained,  and  economical  in  working ;  but  they  bring  the  boiler, 
and  any  fumes  and  vibration  that  may  accompany  their  working,  close  to 
the  passengers.  They  are  employed  on  the  South  Staffordshire  tramways, 
which  are  also  worked  with  locomotives  and  electric  cars,  in  Paris  and 
its  environs,  Berlin,  Moscow,  and  some  other  continental  cities. 

Steam  traction  has  been  most  largely  developed  in  Italy,  for  working 
numerous  lines  of  tramways  branching  out  into  the  country  for  long 
distances  from  Milan,  Turin,  Mantua,  Cremona,  Bologna,  and  other 
large  towns, ^  with  a  total  length  approximating  to  two  thousand  miles, 
on  which  the  limit  of  speed  has  gradually  been  raised  from  8i  to  1 2,  or 
even,  in  some  cases,  15  miles  an  hour;  so  that  these  tramways  serve  the 
purposes  of  light  railways,  whilst  preserving  the  characteristic  features  of 
tramways,  in  following  public  roads,  and  keeping  their  rails  level  with 
the  surface,  so  as  not  to  interfere  with  the  road  traffic.  Belgian  steam 
tramways  come  next  in  length,  notwithstanding  the  small  area  of  the 
country,  with  less  than  half  the  above  mileage,  followed  by  France  and 
the  United  States,  each  having  under  a  third  of  the  mileage  of  Italy.  In 
the  United  Kingdom,  the  length  of  steam  tramways  was  about  280  miles 
in  1900 ;  and  the  speed  on  these  tramways  is  limited  to  a  maximum  of 
10  miles  an  hour. 

VariouB  Forms  of  Motors  for  Tramways.—  Fireless  loco- 
motives, in  which  the  boiler  is  supplied  with  water  heated  to  a  high 
temperature  under  pressure,  and  thus  stores  up  a  large  volume  of  steam, 
which  is  gradually  let  out  for  working  the  locomotive,  were  first  enii)loyed 
on  some  tramways  in  New  Orleans  in  1873,  and  have  since  been  adopted 
on  some  suburban  tramways  going  out  of  Paris,  Lyons,  Lille,  and 
Marseilles."    Whilst,  however,  fireless  locomotives  are   free  from  the 

*  Proceedings  Inst.  C.E.^  vol.  cxix.  plate  9. 

•  Annates  des  Potiis  ef  Chausshs,  1878  (2),  p.  261  ;  anil  '*  La  Traction  Mccaniquc 
d€5  Tramways,"  R.  Godfernaux,  Taris,  p.  61. 
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inconveniences  of  a  furnace  and  smoke,  they  possess  the  serious  defect 
of  a  gradual  decrease  in  power  in  transit,  and  are  accordingly  unfitted  for 
ascending  gradients  towards  the  end  of  their  course ;  and  they  cannot 
cope  with  considerable  variations  in  the  load  to  be  drawn,  owing  to 
iheir  inability  to  atford  an  increase  of  power  when  required. 

Compressed-air  motors,  drawing  their  charge  from  a  central  station  of 
supply,  like  tireless  locomotives,  have  been  employed  upon  tramway  cais 
for  traction.  The  air  under  pressure  is  stored  up  in  a  series  of  cylindrical 
reservoirs  carried  on  the  car,  so  that  ihe  requisite  pressure  can  be  more 
fully  maintained  than  ^ith  a  tireless  locomotive,  and  is  regulated  in  the 
admission  of  the  air  to  the  motor  according  to  circumstances ;  two  or 
three  of  the  reservoirs  are  kept  in  reser\'e  to  assist,  in  case  of  the  failure 
of  the  others,  or  the  occurrence  of  a  steep  gradient ;  and  the  pressure 
supplied  is  adapted  to  the  conditions  of  the  line.^  This  system  of  traction 
is  in  o|H^ration  on  some  tramways  in  Paris  and  its  suburbs,  in  some  other 
jvarts  of  France,  and  in  Switzerland.  The  reservoirs  of  compressed  air, 
however,  with  the  hot-water  reser\'oir  for  raising  the  temperature  of  the 
air  before  its  admission  to  the  motor,  with  their  accessories,  in  addition 
lo  the  motor  itself,  render  the  weight  to  be  carried  by  the  car  even  greater 
tlu[i  when  accumulators  are  used  for  electrical  traction,  and  the  air-com- 
prossinj:  machinerj'  is  costly ;  so  that  the  conditions  are  not  favourable  to 
a  lan:o  extension  of  the  system,  in  spite  of  its  cleanliness  and  convenience. 

Improvements  in  gas  and  oil  engines  have  rendered  them  convenient 
motors,  and  economical  for  small  powers;  they  are  compact  and  self- 
co[itained,  requiring  only  a  reservoir  of  gas,  which,  when  compressed, 
viccupics  a  small  space ;  and  they  are  free  from  the  disadvantages  of  the 
furnace,  heat,  and  smoke  of  locomotives.  They  have  therefore  been 
very  naturally  tried  for  the  working  of  tramways ;  but  they  labour  under 
certain  dctlrls.  In  order  to  keep  down  their  weight,  the  best  forms  of 
i:as  and  oil  engines  are  worked  at  a  high  speed,  which  should  be  kept 
lairly  regular  ;  and  the  intermittent  character  of  the  explosions  necessitate 
the  addition  of  a  somewhat  heavy  and  cumbrous  flywheel,  to  obtain  a 
unit'onn  rotary  motion  ;  and  whilst  the  regular  motion  required  for  the 
engine  has  to  be  adjusted  to  the  variable  speed  of  tramway  cars  by  means 
of  toothed  wheels,  the  flywheel  increases  the  weight  to  be  carried  and 
reduces  the  available  space  for  passengers.  Moreover,  to  avoid  the 
ditViculty  experienced  in  starting  these  engines  at  each  stoppKige,  the 
engine  is  merely  put  out  of  gear  when  the  car  is  stopped,  and  continues 
working,  causing  a  useless  consumption  of  gas,  and  continuing  the 
vibrations  due  to  the  running  of  the  engine,  which  are  an  objectionable 
teature  in  the  system.  The  cylinder  also  of  the  engine  has  to  be  kept 
cool  by  a  current  of  water,  involving  the  addition  of  a  reservoir  of  water 
at  the  top  of  the  car ;  and  the  engine  is  not  free  from  smell.  These 
inconveniences  have  hindered  the  extension  of  this  form  of  motor  for 
tramways  ;  but,  nevertheless,  some  tramways  are  worked  by  gas  engines, 
as,  for  instance,  between  Blackpool  and  Lytham,*  in  Dresden,  and  at 
Hessau  near  Berlin. 
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I^  Traction  Mecanique  des  Tramways,"  R.  Godfemaux,  p.  93. 
7'hf  Etii^hieery  vol.  Ixxxii.  p.  66. 
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Electrical  Traction  on  Tramways. — Traction  by  means  of 
slectridty  is  effected  in  three  different  ways  on  tramways,  according  to 
nrcumstances,  namely :  (i)  by  an  overhead  wire  along  which  a  trolley  or 
travelling  pulley  runs,  attached  by  a  long  pole  to  the  top  of  a  tramway 
3ur,  whereby  the  electrical  current  is  conveyed  from  the  wire  to  a  dynamo- 
meter on  the  car ;  (2)  by  underground  conductors,  where  overhead  wires 
ire  objected  to,  communication  between  which  and  the  car  is  provided 
by  a  suitable  connector  hanging  down  from  the  car,  and  passing  through 
at  longitudinal  slit  formed  at  the  top  of  the  underground  conduit  contain- 
ing the  conductors ;  and  (3)  by  electric  accumulators  carried  on  the  car, 
fiimishing  the  aurent  for  driving  the  motor. 

The  overhead-wire  system  is  the  simplest,  cheapest,  and  most  con- 
venient, and  consequently  is  by  far  the  most  common.  The  copper  wires 
for  the  up  and  down  lines  of  tramways  are  supported,  either  by  wires 
stretched  across  the  street  at  intervals  from  the  walls  of  the  buildings,  or 
from  poles  on  each  side  (Fig.  185) ;  or  by  bracket  arms  projecting  over 
the  street,  carried  by  a  row  of  standards  in  the  centre  of  the  street  or 
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Fig.  186.— Overhead  Wires  carried 
by  Cross  Wires. 


Fig.  186.— Overhead  Wire  carried 
by  Side  Bracket. 
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joad,  where  there  is  ample  space;  or  from  standards  on  each  side 
v'igs.  186  and  187).  Sometimes  the  trolley-pole  is  connected  with  the 
^  in  such  a  flexible  manner  as  to  allow  of  considerable  variations  in  the 
P^ition  and  height  of  the  trolley,  so  that  much  more  latitude  can  be 
P^niaitted  in  the  course  of  the  wire  round  curves,  of  which  the  South 
^^ordshire  electric  tramways  furnish  an  example.^  As  the  rails  of  the 
^'^way  serve  as  the  conductor  for  the  return  current,  they  must  be  given 
^  adequate  section  and  be  efficiently  connected  by  copper  wires,  so  that 
^  current,  which  should  be  given  a  low  potential,  may  not  be  liable  to 
^d  a  line  of  less  resistance  in  the  gas,  water,  or  other  iron  pipes  under 
^e  road,  resulting  in  their  damage.   This  system  possesses  the  economical 

*  Proceedings  Inst.  C.E,^  vol.  cxvii.  pp.  290-292. 
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advantages  belonging  to  the  generation  of  the  power  at  a  central  station, 
with  the  consequent  occasional  inconvenience  of  a  breakdown  stopping 
the  traffic :  the  cars  carrying  only  the  motor  are  light,  their  speed  can  be 
readily  varied,  and  steep  gradients  can  be  surmounted  ;  and  the  passen- 
gers are  exempt  from  heat,  smoke,  smell,  and  vibrations  in  every  fonn 
of  electrical  traction. 

Though  overhead  wires  furnish  the  best  system  in  ever>'  respect  for 
electrical  traction  in  suburban  districts,  they  sometimes  become  difficult 
to  erect  satisfactorily  along  tortuous,  narrow  streets,  except  by  the  aid  of 
several  additional  standards  and  guy  ropes,  which  are  obstructive  and 
unsightly ;  whilst,  besides  the  aesthetic  objections  under  such  conditions, 
interference  with  tel^;raph  and  telephone  circuits  might  possibly  occur, 
and  the  liability  to  accident  from  the  breaking  of  a  wire  is  much  increased 
in  a  narrow,  crowded  thoroughfare.  Accordingly,  to  obviate  these  defects, 
the  electrical  conductors  are  occasionally  placed  in  conduits  underneath 


ELECTRIC  OVERHEAD-WIRE  TRAMWAYS. 
Fi^.  187.— Overhead  Wires  carried  by  Central  Bracket. 
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the  track,  similar  to  those  used  for  cable  tramways  (Figs.  i88  and  189)- 
In  these  cases,  the  electricity  is  generally  supplied  by  an  insulated  iron 
conductor  of  relatively  large  section,  affording  an  ample  surface  of  con- 
tact for  the  connector  taking  the  place  of  the  trolley ;  and  the  return 
current  is  provided  for  by  a  second  conductor  in  contact  with  the  opposite 
side  of  the  connector.    Underground  conduits  are  necessarily  much  more 
costly  than  the  supports  for  overhead  wires,  the  leakage  of  current  is 
liable  to  be  greater,  and  maintenance  and  repairs  are  more  difficult; 
and,  consequently,  underground  conductors  are  only  used  when  overhead 
wires  are  prohibited  by  the  authorities.     In  some  instances,  underground 
conduits  are  adopted  in  the  centre  of  a  city,  and  overhead  wires  in  the 
outskirts  and  suburbs  ;  and  if  the  cars  are  provided  with  both  a  connector 
and  a  pole  and  trolley,  they  pass  readily  from  one  system  to  the  other. 
Tramways  with  their  conductors,  in  underground  conduits,  are  in  opera- 
tion  in   New  York,  Washington,  Berlin,  Budapest,  and  at  Blackpool 
and  are  proposed  to  be  constructed  in  London. 
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Accumulatois  charged  with  electricity,  which  are  carried  on  the  cars 
JO  supply  power  to  the  motors,  rendering  the  cars  self-contained,  have 
been  used  in  Paris  and  Hamburg  in  preference  to  underground  conduits. 
The  great  weight,  however,  of  the  accumulators,  notably  increasing  the 
load  to  be  drawn,  the  cost  of  changing  them  and  of  re-charging,  the  rapid 
wear  of  their  plates,  and  their  low  efficiency  for  ascending  steep  gradients, 
in  spite  of  the  mechanism  enabling  the  supply  of  current  to  the  motor  to 
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CONNECTOR. 


be  r^ulated,  are  impediments  to  their  exti;ndcd  usi;.  Xevtrtlieless,  the 
system  has  been  advantageously  applied  to  tramnays  which,  passing 
mainly  through  suburbs  where  overhead  wires  are  unobjectionable, 
traverse  for  a  certain  distance  the  heart  of  a  crowded  town,  in  which  the 
erectlOTi  of  these  wires  is  prohibited  ;  for  by  using  accumulators  on  this 
section  of  the  line,  it  is  possible  to  avoid  the  cost  of  construction  and 
other  inconveniences  of  undei^round  conductors. 
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'l*hc  solo  conditions  under  which  an  exposed,  central  conductor  b 
admissible  for  a  tramway,  are,  firstly,  an  insulated  conductor  with  iu 
upivr  surface  flush  with  the  surface  of  the  road ;  and,  secondly,  this  con- 
ductor so  laid  in  short  sections  as  to  be  free  from  current,  with  die 
oxcfption  of  the  section  which  the  car  is  actually  traversing,  so  as  to 
avoid  the  ix)ssibility  of  ])edestrians  or  animals  receiving  electric  shocb 
in  crossing  the  track.  This  system  was  applied  in  1894  to  a  trammy 
in  Lyons,  nearly  two  miles  long,  and  in  1896  to  a  tramway  in  Paris, 
running  from  the  Place  de  la  Kepublique  to  Romainville,  about  4^  miles 
in  length.  In  the  latter  line,  insulated  steel  blocks,  placed  8^  feetapvt, 
united  in  pairs  by  a  metal  wire,  are  connected  with  distributors  placed 
under  the  lavement  at  intervals  of  312  feet,  which  derive  their  current 
from  the  main  conductor  coming  from  the  generating  station,  and  serre, 
with  the  aid  of  an  angle-iron  collector  under  the  car,  lof  feet  long,  and 
therefore  always  in  contact  with  one  of  the  blocks,  to  supply  the  cuiienl 
to  the  car  through  the  block  it  is  over,  and  to  cut  off  the  current  from  the 
block  directly  the  car  has  left  it.^ 

Cost  of  Constraction  of  Tramways. — Considering  that  no 
land  has  to  be  purchased  for  the  track  of  tramways,  and  no  works  for 
levelling  the  track,  or  for  crossing  roads,  streams,  or  rivers,  have  in 
general  to  be  carried  out,  it  might  naturally  be  supposed  that  the  cost  of 
construction  of  tramways  would  be  small.  This,  however,  is  not  the  case, 
except  where  the  tramways  are  laid  in  country  districts  along  the  metalled 
roads  without  any  special  provision  for  the  paving  of  the  track,  as  for 
instance  in  Italy,  where  the  steam  tramways  referred  to  above,  including 
land  and  buildings  for  stations,  and  rolling-stock,  cost  only  about  ^£2600 
per  mile.  Assuming  the  cost  of  construction,  equipment,  and  other 
charges  to  be  represented  by  the  capital  liabilities,  the  average  expenditure 
on  tramways  per  mile,  up  to  1898,  amounted  to  ^19,540  in  the  United 
States,  ;^867o  in  Canada,  and  ^14,600  in  the  United  Kingdom;  whilst 
in  France,  in  1892,  it  was  ;£i  2,440  per  mile,  with  a  tendency  to  a 
decrease  in  the  cost  per  mile,  owing  to  the  extensions  consisting  mainly 
of  countr\*  lines. 

The  cost  of  tramways  necessarily  varies  considerably  according  to  the 
method  of  traction  for  which  they  are  constructed,  tiie  condition  and 
situation  of  the  streets  or  roads  traversed,  in  regard  to  cities  or  country 
ilistricts,  and  the  regulations  imposed  by  the  local  authorities.  The 
actual  cost  of  construction,  per  mile  of  single  line,  of  several  of  the 
earlier  tramways  in  the  United  Kingdom,  ranged  between  ^3000  at 
Leicester,  and  ;^"'5  500  in  Liverpool  and  London;  *  whereas  the  capital  cost 
of  the  tramways  of  the  United  Kingdom  up  to  1900,  give  an  average  total 
outlay  of  ^,'11,195  ])er  mile  of  single  line  actually  open,  and  an  expen- 
diture of  ^9006  per  mile  of  single  line  on  the  works,  including  land  and 
buildings  ;  ^  and  the  estimated  cost  of  supplying  electrical  traction  to  200 

*  L'Eclairage  EUctriquts  vol.  vii.  p.  222. 

*  '* Tramways:   their   C'onstnution  ami  Working,"   D.  K.  Clark,  2nd  edition, 
PP-  "5»  158,  and  234. 

'  *'  Return  rcLitin);  to  Street  and  Road  Tramways  for  the  year  ending  the  30Ch  of 
June,  1900,"  p.  31. 
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es  of  single  line  of  tramways,  proposed  by  the  London  County  Council, 
liondon  and  its  suburbs,  is  ;;^i  1,500  per  mile  for  lines  with  overhead 
es,  and  ;;^i 4,500  per  mile  for  lines  with  underground  conductors. 
In  the  United  States,  the  cost  of  construction  of  tramways  for  horse 
rtion  in  the  States  of  Pennsylvania  and  Massachusetts,  has  averaged 
1830  per  mile  of  single  line,  ranging  between  about  ;;^i3oo  for  unpaved 
is,  and  ;;^64oo  for  paved  streets.  The  cost,  however,  of  the  tramways 
istnicted  for  electrical  traction  in  these  States  has  amounted  to  about 
ible  those  used  for  horse  traction ;  *  whilst  cable  tramways  in  the  United 
tes,  laid  with  a  double  line,  have  cost  from  ^15,600  to  ^41,700  per 
e,  and  might  be  constructed  under  ordinary  conditions  for  about 
1 1,000  per  mile  of  double  line,  including  the  cable.'  The  cost  of  some 
the  tramways  in  New  York  has  greatly  exceeded  these  figures ;  but  a 
e  of  double  line  of  city  tramway,  with  a  well-paved  track,  can  be 
istructed  in  the  United  States  for  about  ^^9700."* 
In  France,  the  expenditure  on  the  tramway  systems  of  the  principal 
es  and  suburban  districts  has  varied  greatly,  having  amounted,  for  a 
ible  line  in  most  cases,  to  ;£^27,o5o  per  mile  in  Marseilles,  ^£'2 4,2 50 
Paris,  ;£^i3,4oo  in  Toulon,  ^12,760  in  Havre,  ;6*67oo  in  Lyons,  and 
y  ^1150  per  mile  of  single  line  at  Versailles/  The  conversion  of  a 
"se  tramway  in  Lyons  into  an  overhead-wire  electric  tramway,  cost 
y  ^1020  per  mile  for  consolidation  and  equipment. 
The  cost  of  construction  of  the  track  of  a  mile  of  single  line  of  tram- 
|r,  with  an  imderground  conduit  and  the  electrical  conductors,  has 
iged  at  Blackpool,  Washington,  Berlin,  and  Budapest,  between  ;£^45oo 
1  ^1^6400,  and  about  twice  these  amounts  for  a  double  line. 
Gost  of  working  Tramways  with  Various  Systems  of 
action. — The  cost  of  traction  varies  with  the  local  conditions,  as  well 
?rith  the  system  adopted ;  and  therefore  the  most  reliable  comparisons 
the  various  systems  are  made  with  tramways  in  neighbouring  localities, 
i  somewhat  similar  in  their  conditions.  The  expenses  of  different 
des  of  traction  on  the  Chicago  tramways,  in  1894,  was  io\d.  with 
rses,  Sf</.  with  electrical  traction,  and  6d,  with  cable  traction,  per  car 
ie;  wlulst  in  the  United  States  generally,  the  prices  were  9^^.,  7^^., 
i  5^.  per  car  mile  respectively.  Horse  traction  is  always  found  to 
more  costly  than  mechanical  traction  ;  and  from  a  comparison  of  the 
senses  of  working  and  repairs  with  different  systems  on  the  North 
ifordshire  and  Birmingham  Iramways  in  1893,  traction  by  electrics 
simulators  was  the  most  costly,  amounting  to  11  jd,  per  car  mile, 
lowed  by  an  average  of  7^^.  by  locomotives,  ^i^d,  by  cable,  and 
rhtly  over  4^.  per  car  mile  for  electric  traction  with  overhead  wires. '^ 
e  working  expenses  of  mechanical  traction  in  a  city  such  as  Paris,  has 
5n  reckoned  at  6f^.  per  car  mile  with  gas,  Gjd,  with  compressed  air, 

•  Annales  da  Fonts  et  Chaussies^  1896  (i),  pp.  91  and  112. 

•  "Street  Railways:  their  Construction,  Operation,  and   Maintenance,"  C   B. 
rchild.  New  York,  p.  132. 

•  Ibid,,  pp.  317  and  318;    and   Transactions  of  the  American  Society  of  Civil 
gifuers,  vol.  xxxvii.  p.  120. 

•  Annales  d^s  Fonts  et  ChaussJes,  1896  (i),  p.  114. 

•  Frocetdings  Inst.  C.E.,  vol.  cxvii.  p.  293. 
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5^.  with  accumulators,  5^.  by  locomotives,  4^.  with  oyerhead  wiiei^ 
and  ^\d.  by  cable.^ 

Lengths  of  Tramwasrs  worked  by  Respective  SysteniB.— Tlie 
most  notable  feature  in  the  working  of  tramways  of  recent  years,  is  the 
great  increase  of  electrical  traction  with  overhead  wires  in  the  United 
States,  the  birthplace  of  tramways  in  their  modem  form,  accompamed 
by  a  considerable  decrease  in  horse  traction,  as  shown  by  the  following 
statistics. '* 


Methods  of 
traction. 


Year. 

1893 
1897 


Horse. 


Miles. 

3*497 

947 


U.NiTED  States  Tramways. 


Electric. 


Miles. 
7,466 
I3J65 


Steam. 


Milet. 
566 

467 


Cable. 


!        Mi1«^ 
!  657 

539 


Total. 


Milo. 
12,186 

iSi7i« 


United  States  and  Canadian  Tramways. 


Method<(  of 
traction. 


Year. 
189I 
1898 


Hor»e. 


Miles. 

5.442 
663 


Electric. 


Miles. 

3.009 
16,306 


Steam. 


Miles. 
1,918 

535 


Cable. 


Miles. 
660 
460 


Total. 


Mile». 
11,029 

17.964 


The  tramways  of  Canada  in  1 898  comprised  9  miles  of  horse  tram- 
ways, 634  miles  of  electric  tramways,  and  30  miles  worked  with  steam 
and  other  modes  of  traction,  the  heading  under  which  steam  is  com- 
prised in  the  returns  for  1897  and  1898  being  denoted  as  various.  The 
above  tables  manifest  the  remarkable  development  of  electrical  traction, 
which  increased  in  extent  more  than  fivefold  in  seven  years;  whilst 
horse  traction  shows  signs  of  becoming  quite  insignificant,  if  it  does  not 
wholly  disappear.  Cable  traction  has  decreased  somewhat,  owing  to 
the  great  preference  exhibited  for  electrical  traction ;  but  it  is  not  IDcely 
to  be  superseded  on  steep  inclines.  Steam  and  other  motors  were 
greatly  aflfected  at  first  by  the  introduction  of  electricity  for  tramways; 
but  the  length  of  tramways  worked  by  them  has  remained  fairlj 
stationary  of  late  years. 

Though  horse  traction  and  steam  traction  have  hitherto  maintained 
a  very  decided  predominance  on  European  tramways,  extending  over 
more  than  4000  miles  in  each  case,  electrical  traction  is  being 
siraduallv  extended   on  the  tramwavs  in  France,  and  has  been  more 


1    it 
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1^1  Traction  Mecanique  des  Tramways,"  R.  Cnxlfernaux,  p.  361. 
•   The  Street  Railway  Journal^  New  York,  vol.  vii.  p.  538;  vol.  x.  pp.  33  *n<* 
;  vol.  xiii.  p.  684,  table ;  and  vol.  xv.  p.  loi,  table. 
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^ely  developed  in  Germany;  but  the  total  length  of  tramways  in 
rope  worked  by  electricity,  which  has  been  given  as  840  miles  in 
)6,^  is  quite  insignificant  in  comparison  with  the  extent  of  these 
mways  in  North  America,  and  considerably  less  than  their  extension 
a  single  year  in  the  United  States. 

In  England,  electrical  traction  is  gradually  coming  into  favour, 
ving  been  adopted  on  about  304  miles  by  June,  1900,  and  being  in 
Hirse  of  introduction  in  several  places ;  wlulst  some  electric  tramways 
e  in  construction.  Horses  still  provide  by  far  the  most  common 
ethod  of  traction  in  the  United  Kingdom,  the  number  employed 
iving  increased  continuously  with  the  extension  of  tramways  up  to 
^9,  reaching  44,171  in  that  year,  but  having  been  reduced  to  37,481 
\  1900 ;  whilst  the  number  of  locomotives  in  use  on  the  tramways  has 
^ned  fairly  stationary  since  1890.  Tramways  in  streets  were  first 
itroduced  into  England  at  Birkenhead,  with  a  step  rail,  in  1865 ;  in 
S78  their  total  length  in  the  United  Kingdom  was  269  miles;  in  1890, 
reached  948  miles ;  and  in  1900  they  had  been  extended  to  11 77  miles, 
ad  the  construction  of  394  miles  more  had  been  authorized.  Next  to 
t>rse  traction,  locomotives  have  been  most  frequently  employed  in  the 
ist  on  the  tramways  of  the  United  Kingdom ;  whilst  a  few  lines  have 
een  worked  by  electricity,  cables,  or  gas.  Judging,  however,  by  recent 
"tperience  in  the  United  States,  it  appears  that  electricity  should  have 
great  future  in  store  for  traction  on  tramways  in  the  United  Kingdom 
'id  on  the  Continent,  by  means  of  overhead  wires  in  the  country  and 
iburbs,  and  underground  conductors  or  accumulators  in  the  heart  of 
'ties  and  towns. 

EcuLiAR  Methods  of  Transit  on  Rails  over  Water. 

Two  methods  have  been  recently  adopted  for  conveying  passengers 
ver  water,  by  means  of  cars  transported  along  rails,  which  cannot 
roperly  be  classed  either  under  railways  or  tramways.  The  first 
fstem  consists  of  a  platform  and  covered  saloon,  raised  upon  four  high, 
ibular  legs  resting  upon  wheels  running  on  rails  laid  on  the  bed  of  the 
^  foreshore,  below  high-water  mark,  between  Brighton  and  Rotting- 
^ ;  and  in  the  second  system,  a  car  is  suspended  from  a  truck  running 
long  rails  laid  on  a  high-level  suspension-bridge  platform  spanning  a 
iver. 

.  llevated  Car  travelling  along  the  Seashore.— Four  lines  of 
jab  have  been  laid  down,  fastened  to  blocks  of  concrete  bedded  in  the 
^y  or  rocky  foreshore,  about  3  feet  apart,  between  Brighton  and 
Wngdean,  a  distance  of  3  miles,  on  which  an  elevated  car  runs  with 
'^  platform  raised  24  feet  above  the  bed  of  the  foreshore,  which  is 
^^ered  by  the  tide  to  a  maximum  depth  of  14  feet  at  high  water.'-  The 
^^9  outer  rails  are  placed  18  feet  ajxirt,  to  give  stability  to  the  high  car 
jj  Jts  exposed  position  :  and  each  inner  rail  is  laid  2  feet  8^  inches  inside 
"C  corresponding  outer  rail,  thereby  forming  two  lines  of  way  of  this  gauge. 


*  "The  Dictionary  of  Statistics  1899,"  M.  G.  Mulhall,  p.  814. 
'  Engineerings  vol.  Ixii.  p.  711  ;  and  The  Engineer^  vol.  Ixxxii.  p. 


570. 


Tashore  railway; S^R 

upon  which  the  four  four-wheeled  trucks  carrying  the  four  suf)[ 
in  pairs  (Fig,  190).     The  supports  consist  of  steel  columns.  _ 

diameter,  braced  together  and  carrj-ing  brackets  at  the  top.     The 
has  a  maximum  gradient  of  1   in  300  ;  and  the  sharpest  curve  hat 
radius  of  40  chains.   TV 

I  SEASHORE   RAILWAV. 

Fig.  100,— Brighton  lo  Hotttn 


raised  platform,  45  feSC 
long,  and  21  feet  *idfi 
carries  a  saloon  which  hu 
seats  inside,  and  on  llie 
roof,  for  150  ijassengcrv- 
The  car  is  propelled 
by  two  shafts  passiq 
down  two  of  the  legs  xrA 
actuating  the  wheek 
driven  bj-  electric  mfiion 
placed  on  tiie  plalfonn. 
which  are  supplied  iriA 
iiiirent  by  two  trollej 
wiies  from  a  geneiauof; 
station  at  Rottingdein. 
Rods  for  working  brake 
applied  lo  the  wheels  o( 
two  of  the  trucks,  p»a 
n  the  othct  two  tegs,  in  order  u>  regulate  the  motion.  The  sped 
"of  transit  is  about  6  miles  an  hour ;  and  the  wetting  of  the  rails  when 
the  tide  covers  them,  by  greatly  reducing  the  adhesion  of  the  wlieelt, 
and  therefore  favouring  slipping,  if  the  wheels  are  driven  hard,  place  » 
limit  on  the  speed  attainable.  The  line  was  opened  in  November,  1896. 
but  considerable  damage  was  done  to  the  Une,  the  cars,  and  the  landing- 
piers  by  the  sea  during  a  severe  storm  in  the  following  month,  wbicfc 
was  duly  repaired.  The  line,  with  its  equipment  and  landtng-picis  J< 
each  end,  cost  about  ;^to,ooo  per  mile  to  construct. 

Suspended  TravelliiLg  Car. — In  order  to  enable  passengers  and 

goods  to  be  transported  across  a  navigable  waterway  use<l  by  masted 

seagoing  ships,  without  the  erection  of  a  movable  bridge  at  places  where 

its  river  piers  might  impede  navigation,  and  at  the  same  time  provide 

ample  headway  for  the  vessels,  without  the  long,  inclined  approache 

necessary  for  a  high-level  bridge,  a  plan  has  been  devised  of  hanging  a  ctf 

_from  a  truck  travelling  along  rails  on  a  suspended,  high-level  plalfonii 

fills  19')-     The  car,  by  being  suspended  at  a  low  level,  dispenses  with 

Itay  need  for  high  approaches,  and  by  travelling    rapidly   across  the 

nterway,  causes  a  very  temporary  obstruction,  which  can  be  rcadiW 

t  out  of  the  way  when  vessels  arc  jaasing  the  place  of  crossing.  The 

uspendwl  platform  is  placed  at  a  sufficient  height  to  afford  the  rcquiatc 

adway ;  a  heavy  roadway  is  dispensed  with,  as  only  the  passage  of  At 

ruck  on  a  line  of  rails  has  to  be  provided  for ;  ,-ind  the  car  with  its 

SontcntB  is  the  only  movable  load  to  be  supported  in  addition  to  the 

-ji-lt  and  the  hanging  gear,  so  1h.1t  the  skeleton  bridge  can  be  of  liirf't 

mstruction.     The  car,  in  fact,  fulfils  the  objects  of  a  coturoodioui 
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ferry,  without  the  inconveniences  of  the  currents,  waves,  and  changes  of 
level  experienced  when  crossing  on  a  tidal  river  in  an  exposed  situation. 
The  first  construction  of  this  type  was  erected  across  the  River 
Nervion,  near  its  mouth  facing  the  Bay  of  Biscay,  and  opened  in  1893, 
affording  a  clear  headway  of  147  feet,  where  the  width  of  the  river 
between  the  quays  on  each  bank  is  525  feet,^  which  is  traversed  in  one 
minute  by  the  suspended  car,  carrying  150  passengers,  and  weighing 
nearly  40  tons  with  its  load,  accessories,  and  truck  (Fig.  191). 


SUSPENDED  TRAVELUNQ  CAR. 
F\g.  191.— Bride*  acroM  Rivsr  N«rvion. 


A  similar  structure  was  erected  across  the  Seine,  at  Rouen,  in  1898-99, 
for  providing  an  easy  means  of  communication  between  the  quays  on  the 
two  banks  at  the  port.  In  this  case,  the  approaches  to  a  high-level 
bridge,  in  addition  to  the  cost  of  construction,  would  have  involved  the 
purchase  of  very  valuable  property  on  the  Rouen  side  of  the  river,  and 
have  interfered  with  the  traffic  along  the  quays  on  both  banks ;  whilst  a 
movable  bridge  would  to  some  extent  have  impeded  the  free  waterway 
of  the  port.  The  river  at  the  site  of  the  bridge  is  469  feet  wide ;  and 
steel,  lattice  towers  erected  on  the  banks,  217  feet  high,  support  a 
skeleton  suspension  bridge,  aflfording  a  clear  headway  of  1 67  feet,  along 
which  the  sixty  rollers  of  the  trolley  carrying  the  thirty  steel  cables 
bearing  the  travelling  car,  run  on  four  rails.  ^  The  suspended  car,  .^3 
feet  long  and  42^  feet  wide,  has  a  central  carriage-way  26^  feet  in 
width,  with  footways  on  each  side.  The  car,  when  empty,  weighs 
20  tons;  and  the  trolley  running  on  the  bridge,  together  with  the 
electric  motor,  weighs  about  18  tons ;  and  as  the  maximum  load  liable  to 
be  home  by  the  car  is  36  tons,  the  moving  load  carried  by  the  bridge  is 
74  tons,  without  the  suspending  cables.  The  car  is  so  hung  that  its 
floor  is  level  with  the  quays  on  each  side  of  the  river ;  and  it  crosses  the 
river  in  half  a  minute. 

The  construction  of  three  similar  transporter  bridges,  with  suspended 
conveyor  car,  was  sanctioned  in  1900  ;  one  for  crossing  the  Mersey  and 
Manchester  Ship-Canal  at  Runcorn,  with  three  spans  and  a  headway 

'  Z/  Ginu  Civile  vol.  xxiii.  p.  229. 

«  "  Atlas  des  Voics  Navigables  de  la  France,  2"  Serie,  5"  Fascicule,  Navigation 
entrc  Piris  ct  la  Mcr,"  Paris,  1899,  p.  41,  and  plate  23,  fig.  52,  and  plate  37. 
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of  83  fiser :  the  aeaaod  for  arwhig  tfae  River  Ui^  bdow  Xevport  vi& 
aspanof  5^fi»t  axidadear  headiisyaf  i77feet:  andthe  cfandincoo- 
nectxon  wtch  2  txaxmofld  &nm.  Samiipoit  to  Lftiianu  which  is  ^M'^ogryH  to 
cniveTK  tfae  Rlbble  estnarv  on  a  li^u;  iron  viaduct  about  7  miles  bekiv 
Preston,  and  to  czoas  tfae  trained  nayigable  rhamu>i  suspended  frooi  1 
bridge  baring  a  span  of  about  550  feet  and  a  headway  of  177  feet. 


PART   III. 

^IVER  AND  CANAL    ENGINEERING,   AND 

IRRIGATION   WORKS. 


CHAPTER   XX. 

CHARACTERISTICS,   FLOODS,    CONTROL,   AND 

REGULATION  OF  RIVERS. 

iver  basins — Variations  in  rain&ll,  and  in  discharge  of  rivers — Character- 
istics of  Rivers :  influence  of  strata  and  forests  on  floods,  torrential 
and  gently-flowing  rivers  ;  fall  of  rivers,  and  descent  of  detritus,  change 
in  £dl,  origin  and  course  of  detritus  ;  influence  of  lakes  ;  river  channel, 
suited  for  average  discharge — Floods  of  Rivers :  periods  and  effects, 
rise  of  Nile,  winter  and  summer  floods  ;  warnings  of  floods,  arrange- 
ments for  predictions — Control  of  Rivers  :  methods  ;  afforestmg 
mountain  slopes ;  arrest  of  detritus,  by  dams  across  torrents  ;  removal 
of  obstructions  from  river-bed  ;  enlargement  of  channel,  increasing 
capacity  for  discharge  ;  straight  cuts,  increasing  fall,  aided  by  catch- 
water  drains  ;  embanking  rivers,  advantages,  objections  to  high  embank- 
ments of  raising  flood-level  and  increasing  damage  of  breaches  ;  raising 
of  river-bed  due  to  embankments,  resuhs,  instances  of  disastrous 
consequences  ;  pumping  for  preventing  inundations — Regulation  of 
Eivers :  natural  defects  of  rivers  ;  removal  of  hard  shoals  ;  improve- 
ment of  channel  at  bends,  cause  of  shoal  at  crossing,  and  means  of 
lowering  it ;  regulation  of  channel  by  dykes,  only  applicable  to  large 
rivers,  forms  of  dykes  and  objects,  instances  of  regulated  rivers ;  remarks 
on  regulation  works. 

^^vers  owe  their  existence  to  the  rain  which,  falling  on  various  distinct 
'^inage-areas,  is  carried  to  the  sea  along  the  channels  which  were 
"■^ginally  formed,  and  are  maintained  by  its  discharge,  and  wind  through 
^  lowest  part  of  the  valleys  which  they  drain.  The  size  of  rivers 
^pends  upon  the  extent  of  their  drainage-area  or  basin,  and  the  amount 
^  ^in  which,  falling  on  this  area  in  a  given  period,  finds  its  way  into 
^^  river.  The  areas  of  river  basins  vary  with  the  extent  and  configura- 
^^  of  the  country,  ranging  from  the  insignificant  drainage-areas  of 
"^ll  streams  flowing  straight  into  the  sea,  up  to  large  portions  of  vast 
^^tinents,  such  as  the  Volga  basin  in  Europe  extending  over  563,000 
l^e  miles,  the  Obi  basin  in  Asia  of  1,300,000  square  miles,  the  Nile 
[*5iii  in  Africa  of  1,500,000  square  miles,  and  the  Amazon  basin  in 
*Qierica  of  2,350,000  square  miles.  The  rainfall  also  varies  consider- 
|Wy,  not  only  in  different  parts  of  the  world,  ranging  from  zero  in  some 
^^5crts  up  to  a  yearly  average  of  474  inches  at  Cherrapunji  in  Assam, 
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but  sometimes  even  within  the  limits  of  a  single  river  basin ;  for  the 
average  annual  rainfall  in  such  a  relatively  small  and  uniform  basin  as 
the  Seine,  is  under  24  inches  in  some  parts  and  over  48  inches  in  others. 
Moreover,  in  tropical  countries,  there  is  very  commonly  a  rainy  season 
and  a  dry  season,  the  rivers  being  in  high  flood  during  the  first  period, 
and  very  low,  or  in  some  cases  running  nearly  dry,  in  the  second  period. 
Even  in  temperate  regions  with  a  very  variable  climate,  the  year  may 
be  divided,  as  regards  river  floods,  into  two  fairly  distinct  periods, 
namely,  in  the  northern  hemisphere,  the  warm  season  from  May  to 
October,  when  floods  are  rare  and  never  very  high,  owing  to  the  great 
reduction  in  the  rainfall  which  actually  reaches  the  river,  caused  by  the 
active  evaporation  which  prevails  during  this  period ;  and  the  cold  season 
from  November  till  April,  when,  in  the  absence  of  evaporation,  most  of 
the  rain  which  falls  finds  its  way  into  the  river.  Rivers,  however,  which 
derive  most  of  their  flow  from  glaciers,  have  their  floods  in  the  summer, 
when  the  glaciers  and  snow  of  high  mountains  are  being  melted  by 
the  heat. 

Characteristics  of  Rivers. 

Influence  of  Strata  and  Forests  on  the  Floods  of  Rivers.— 

The  permeability  or  impermeability  of  the  strata  forming  the  sur&ce 
of  the  basin  of  a  river,  and  the  extent  to  which  vegetation  covers  it, 
profoundly  affect  the  nature  of  the  floods  of  the  river,  WTiere  im- 
l)ermeable  strata  constitute  the  basin,  such  as  clays,  lias,  and  primitive 
rocks,  most  of  the  rain  which  falls  over  the  drainage-area  when  evapoia- 
tion  is  inactive,  flows  off*  rapidly  from  sloping  ground  into  the  river. 
The  rain  sinks,  on  the  contrary,  into  permeable  strata,  such  as  sand, 
gravel,  and  rhalk,  and  is  both  removed  from  the  influence  of  evapora- 
tion, and  delayed  in  its  passage  to  the  river.  Accordingly,  rivers 
draining  impermeable  strata  have  floods  following  quickly  on  the 
rainfall,  which  rise  rapidly  to  a  considerable  height,  and  also  subside 
quickly  on  the  cessation  of  the  rain ;  w^hilst  the  floods  of  rivers  draining 
permeable  strata  rise  more  slowly,  and  are  not  so  high,  but  continue  for 
a  longer  period.  Torrential  rivers,  moreover,  differ  from  gently-flowing 
rivers,  not  only  in  the  sudden  rise  and  height  of  their  floods,  but  also  in 
their  dry-weather  flow ;  for  rain  falling  on  flat,  or  only  slightly  sloping 
impermeable  strata,  is  subject  to  rapid  evaporation  in  warm  weather; 
and  therefore  the  flow  of  torrential  rivers  is  liable  to  fall  very  low  in 
warm,  dr}^  weather,  unless  they  derive  their  supply  from  glaciers  and 
mountain  snows.  The  summer  rain,  however,  falling  on  the  permeable 
strata  of  the  basin  of  a  gently-flowing  river,  is  less  exposed  to  e\*apora- 
tion,  and  therefore  is  able  to  some  extent  to  replenish  the  river;  whilst 
the  springs  supplied  by  the  percolation  of  winter  rains  through  the 
permeable  strati,  assist  in  maintaining  the  summer  discharge  of  a  gently- 
flowing  river. 

Rain  falling  on  bare  mountain  slopes  flows  rapidly  down  to  the 
valley,  and  notably  augments  the  floods  of  the  torrential  river  draining 
the  mountain  valley.     Forests  and  vegetation  covering  the  hillsides 
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retard  the  descent  of  the  rain,  and  thereby  regulate  the  flow  of  the 
river.  Extensive  clearings  of  forests  in  hilly  regions  have,  indeed, 
proved  very  prejudicial,  in  increasing  the  torrential  character  of  a  river 
and  the  height  of  its  floods. 

Fall  of  Rivers,  and  Descent  of  Detritus. — The  fall  of  a  river 
corresponds  to  the  general  slope  of  the  valley  along  which  it  flows ;  and 
as  rivers  usually  rise  in  mountains,  and  traverse  plains  before  reaching 
the  sea,  the  fall  is  generally  rapid  near  the  source  of  the  river,  and 
becomes  quite  gentle  towards  its  mouth.  Since  the  rate  of  flow  depends 
mainly  upon  the  fall,  rivers  often  commence  their  career  in  mountainous 
regions,  as  rushing  torrents  with  a  small  but  rapid  flow,  and  end  their 
course  as  geptly-flowing  rivers  meandering  through  flat,  alluvial  plains, 
with  a  large  discharge  collected  from  their  various  tributaries,  and  a 
slow  current. 

In  addition  to  water,  many  rivers  bring  down  a  considerable  quantity 
of  detritus,  mainly  collected  from  the  disintegration  of  the  surface  of 
mountain  slopes  by  the  weather,  frost,  and  glaciers,  the  smaller  particles 
being  carried  in  suspension  by  the  current,  and  the  larger  dibris  being 
rolled  along  the  river-bed.  Rushing  torrents  in  high  flood  roll  boulders 
down  the  steep  slopes ;  but  the  rivers  in  emerging  on  to  the  plains,  have 
their  powers  of  transportation  greatly  reduced,  owing  to  their  diminished 
fall;  and  the  boulders  which  succeed  in  reaching  the  base  of  the 
mountains,  in  spite  of  constant  abrasion  in  their  descent,  are  either  left 
OD  the  plain  at  the  change  of  fall,  or  are  gradually  triturated  against  one 
another  by  the  river  floods,  till  the  pieces  become  sufficiently  reduced 
in  size  to  be  carried  along  by  the  enfeebled  current.  Eventually,  the 
debris  brought  down  is  so  reduced  by  attrition,  or  sifted  in  its  course, 
that  only  sand,  clay,  and  silt  are  discharged  at  the  outlet. 

Influence  of  Lakes  on  Rivers. — Lakes  exercise  a  twofold 
influence  on  the  rivers  which  traverse  them,  for  they  receive  all  the 
dlbris  brought  down  by  a  river  from  above,  which  settles  in  the  still 
water  to  the  bottom  of  the  lake ;  and  by  spreading  the  flood- waters  of 
the  river  falling  into  them  over  their  wide  expanse,  their  water-level  is 
little  raised  thereby.  A  river,  therefore,  issuing  from  a  lake  is  free  from 
silt,  and  has  a  regular  flow.  Thus  the  River  Neva  deposits  its  burden  of 
alluvium  in  Lake  Ladoga,  thirty-six  miles  above  its  mouth;  and  the 
River  St.  Lawrence  lias  a  very  regular  flow,  on  account  of  its  being  fed 
by  the  large  lakes  of  North  America. 

River  Channel. — The  channel  or  bed  of  a  river  has  been  naturally 
formed  in  bygone  times  by  the  scour  of  the  rain-water  which  it  carries 
down ;  and  sometimes  a  rocky  barrier  checks  this  scour,  forming  rapids  ; 
whilst  changes  in  the  fall  of  the  bed  produce  frequent  alterations  in  the 
section  of  the  channel,  and  in  the  rate  of  flow.  High  floods  do  not 
occur  frequently  enough,  and  are  not  sufificiently  confined  to  the  channel, 
to  scour  out  an  adequately  large  channel  to  carry  off"  the  whole  of  their 
discharge ;  and  though  river  floods  temporarily  deepen  an  alluvial  bed, 
deposit  occurs  on  the  slackening  of  the  sediment-bearing  current  as  the 
floods  abate,  and  neutralizes  the  previous  erosion.  Accordingly,  a  river 
channel  is  adapted  by  nature  for  conveying  an  average  discharge  from 
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lis  dnunagesirei :  Ar^d  mben  doods  come  down,  the  rivers  oveiflow 
their  hanks,  vki  ir.uadite  the  adjoining  low-lying  Lands.  Rivers,  more- 
over, in  triverar^  iiL  allu^iil  plains,  usually  adopt  a  winding  course 
which,  hesides  caeckin*:  ihe  flow,  increases  the  length  of  the  channel, 
thereby  reducing  its  till,  and  consequently  its  capacity  for  discharge; 
and  the  progresss\'c  eiwdos  of  the  concave  bank  in  the  bends  gradually 
augments  the  sinuosines  of  the  river. 


Floods  of  Rivers. 

Periods  and  Effects  of  River  Floods. — Rivers  in  tropical 
countries  with  well-defined  rainy  and  dr>'  seasons  like  India,  and  rivefs 
which  derive  their  supply  from  tropicad  rainfall  such  as  the  Nile,  have 
distinct  periods  of  flood  and  of  the  dry  stage.  Thus  the  Nile  at  Caiio 
begins  to  rise  at  the  end  of  June  or  the  beginning  of  July,  and  risii^ 
rapidly  throughout  July  and  August,  attains  its  maximum  height  at  the 
rommencement  of  October,  soon  after  which  it  falls  at  a  gradually 
decreasing  rate,  till  it  reaches  its  lowest  level  in  June.  The  actual  rise 
and  tall,  however,  exhibit  fluctuations  from  year  to  year. 

In  temperate  regions,  where  the  climatic  changes  are  much  less 
I « ^ular,  the  floods  of  rivers  are  insular  as  regards  their  period,  diuation, 
ji\\l  height,  with  the  exception  that  though  the  rainfall  may  be  quite  as 
Uiik;r  in  the  summer  as  in  the  winter,  e\'aporation  prevents  floods  being 
(N  litHluont  or  as  high  in  the  summer  as  in  the  winter. 

I'Kvpt  owes  its  fertility  to  the  alluvium  which  the  Nile  floods  spread 
x»N%T  il\t'  land,  and  the  flood-water  with  which  it  is  irrigated  ;  and  a  low 
\\K  u\tlicts  serious  loss  on  the  culti%'ators  of  the  soil.  Winter  floods  in 
^x»u|sM.uo  /ones  are  also  beneficial  to  some  extent  in  certain  cases, 
^\S.'i\  M vowing  gently  on  to  the  land.  Winter  floods,  however,  may 
's  ';M\Muilicial  on  low-lying  lands,  and  are  liable  to  be  disastrous 
A  \.  i\  lowns  arc  situated  at  a  low  enough  level  to  be  expK)sed  to  their 
';'.  s'.  uuM\s.      Summer    floods  are  most   injurious   to   growing  crops 

\VAvningB  of  the  Approach  and  Height  of  Floods. — A  flood 

*    'N   UM>ri  lurt  of  a  river  is  the  result  of  a  combination  of  the  floods 

-  \*.\^is*t  |Hmion  and  of  its  tributaries,  in  so  far  as  they  may  coincide 

s  ^  UM\;d  al  the  place  under  consideration.     In  order,  accordingly, 

^  V  x'* ;  the  lime  of  arrival,  and  the  height  of  a  flood  at  a  given  place, 

^ »  \  n,  *>^ssiry  to  ascertain  the  rise  and  height  of  the  upper  river 

^    u*,>uijuios  by  means  of  fixed  gauges  at  suitable  points,  and  to 

^N    's  ^Mjiih  of  time  floods  of  definite  heights  take  in  passing  down 

- . '» NNt  »l\rso  |H)iiits  to  the  station  where  the  warning  is  to  be  given. 

'     s  ,uuv,il  of  a  flood  in  the  upper  valley,  the  height  of  the 

•  •    **>«\;uirsat  certain  times  at  the  several  points  are  telegrai)hed 

•  »  «\.^^M^  and  in  combination  with  the  observed  periods  of 

■■■  \»*  \;u»  iKhhIs,  enable  the  greatest  flood-rise  at  the  station, 

•*»^  x*A  v(\  auival,  to  be  calculated  beforehand,  and  the  necessary 

:,,.»vv^      rUin  KYstem  of  predicting  floods  was  first  adopted  on 
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the  Seine  in  1854;   and  it  has  been  since  established  on  other  con- 
tinental rivers,  and  also  on  the  Ohio. 

Control  of  Rivers. 

The  rain  which  falls  over  the  basin  of  a  river  must  find  its  way  to 
the  sea  along  the  channels  provided  for  it  by  nature ;  whilst,  in  large 
basins,  the  flood  discharge  is  liable  occasionally  to  be  so  large,  owing  to 
an  excessive  rainfall  and  a  rapid  succession  of  floods,  heavy  rain  falling 
on  melting  snow,  or  an  exceptional  coincidence  in  the  arrival  of  the 
floods  of  various  tributaries,  that  it  could  not  be  completely  controlled. 
Nevertheless,  precautionary  measures  can  be  adopted  with  great  advan- 
tage to  mitigate  floods,  by  regulating  their  flow,  by  preventing  a  rapid 
descent  of  detritus  from  obstructing  the  channel  on  reaching  the  plains, 
by  improving  the  facilities  for  discharge,  and  by  protecting  important 
sites,  by  embankments,  from  inundation. 

Afforesting  Moontfldn  Slopes. — Bare  mountain  slopes  are 
subject  to  denudation  by  the  efTects  of  the  weather,  and  by  the  washing 
away  of  the  soil  by  the  rapid  descent  of  the  rainfall.  Under  such 
conditions,  the  rain  finds  its  way  with  increasing  rapidity  into  the  river, 
augmenting  the  torrential  character  of  its  discharge;  whilst  a  greater 
amount  of  detritus  is  carried  down  by  the  torrent  into  the  main  river, 
thereby  promoting  the  obstruction  of  the  channel  as  it  emerges  from  the 
hills,  or  devastating  the  neighbouring  plains  with  the  debris.  These 
progressive  deteriorating  efTects  may  be  prevented  by  promoting  the 
growth  of  trees  and  vegetation  in  mountainous  regions,  and  thus  regu- 
lating the  flow  of  the  river  by  retarding  the  influx  of  the  rain,  and 
protecting  the  siuface  of  the  slopes  from  degradation.  The  injurious 
results  of  the  reckless  clearing  of  forests  in  the  upper  part  of  river 
valleys,  carried  on  formerly  without  check  in  parts  of  the  Continent  and 
America,  have  been  recognized;  and  steps  have  been  taken  by  the 
Governments  for  the  reaflbresting  of  those  regions. 

Arrest  of  Detrltos  carried  down  Torrential  Channels. — 
Torrents  descending  mountain  valleys  with  a  rapid  fall,  erode  their 
channels,  occasionally  cause  landslips,  and  carry  down  large  quantities 
of  detritus  into  the  plains  below.  By  constructing  solid  dams  at 
intervab  across  their  channel,  the  velocity  of  their  flow  and  their  erosive 
action  are  checked,  and  the  amoimt  of  detritus  carried  down  by  them  is 
materially  reduced.  In  some  mountain  valleys  in  California,  such  large 
quantities  of  mining  debris  were  sent  down  in  the  streams,  that  dams 
have  been  erected  in  places  across  the  narrow  valleys,  forming  hollows 
in  which  the  debris  can  accumulate,  and  is  thus  no  longer  carried  down 
to  the  plains  to  the  detriment  of  the  river  channel. 

Removal  of  Obstructions  firom  River-bed. — The  mitigation 
of  floods  is  greatly  assisted  by  the  removal  of  obstructions  from  the 
channel,  so  as  to  render  it  as  efficient  as  practicable  for  the  discharge  of 
flood-waters.  Rocky  shoals  unaffected  by  scour,  a  contracted  channel, 
boulders,  trunks  of  trees,  masses  of  vegetation,  such  as  the  "  sudd " 
which  obstructs  the  Nile  above  Khartoum,  the  wide  piers  of  old  bridges. 
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_    EMBANKMENT  OF  RIVERS   TO  PREVENT  FLOODS.   33 1 

__,«iid  these  embankments,  being  overtopped  by  the  winter  floods,  do  not 
^inteifere  with  the  spreading  over  the  land  of  the  fertilizing  alluvium 
liioug^t  down  by  these  floods.  Generally,  however,  the  embankments 
ue  designed  to  be  high  enough  to  protect  the  land  completely  from 
mnndation ;  and  this  provision  is  essential  where  towns  have  been  built 
considerably  below  the  flood-level.  The  system  of  embanking  possesses 
tbe  advantage  of  leaving  the  ordinary  water-level  of  the  river  quite 
unaltered,  whilst  providing  an  enlarged  channel  for  the  discharge  of 
floods  in  proportion  as  the  embankments  are  set  back  from  the  river 
bftnks  (Fig.  192).  In  theory,  high  embankments,  well  set  back,  aflbrd 
a  perfect  protection  against  floods;  but  in  practice,  some  serious 
objections  to  their  employment  have  become  manifest. 

Flood  embankments  should  be  raised  above  the  highest  flood-level, 
be  perfectly  continuous  along  the  parts  to  be  protected,  and  thoroughly 
watertight.  The  confinement,  however,  of  the  flood-waters  within 
embankments  raises  the  flood-level,  especially  as  an  adequate  setting 
back  to  obviate  this  would  involve  a  considerable  loss  of  land  ;  and  on 
many  rivers  an  exceptional  flood,  due  to  an  unfavourable  combination 
of  causes,  occurs  about  once  in  ten  years,  and  overtopping  the  embank- 

EMBANKING  RIVER   FOR   PREVENTING   INUNDATIONS. 

Fig.  102. 


ment  soon  creates  a  wide  breach,  and,  rushing  out  with  great  velocity, 
devastates  the  surrounding  country.  The  clearing  also  of  forests,  and 
the  extension  of  land-drainage,  have,  in  some  cases,  gradually  raised  the 
height  of  the  floods ;  the  flood-level  of  the  River  Po,  for  instance,  having 
risen  about  seven  feet  in  the  last  two  centuries  from  these  causes, 
combined  with  the  restriction  of  its  flood-waters  by  the  extension  of  its 
embankments.  The  fertile,  alluvial  plains  bordering  the  Mississippi 
below  the  confluence  of  the  Missouri,  have  been  protected  by  a  very 
extensive  system  of  embankments,  termed  levees,  which  have  been 
gradually  prolonged  and  consolidated;  but  these  levees  have  not  yet 
been  made  quite  continuous,  breaches  occur  yearly  at  weak  places 
when  the  river  is  in  flood,  and  during  exceptional  floods,  occurring  at 
intervals,  the  levees  are  sometimes  overtopped  at  several  points  and 
wide  crevasses  formed,  liberating  very  large  volumes  of  water.  The 
last-named  injury  might,  indeed,  be  prevented  by  an  adequate  raising  of 
the  embankments ;  but  the  cost  involved  in  a  general  raising  might 
possibly  exceed  the  loss  from  occasional  damage.  The  greater,  however, 
the  height  of  an  embankment  which  is  overtopped,  the  greater  is  the 
injury  inflicted  by  the  increased  rush  and  volume  of  water  liberated. 
The  high,  rapid  floods  which  come  down  the  torrential  River  Loire  at 
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intenals  of  about  ten  years,  usually  burst  through  weak  places  in  die 
embankments,  which  have  been  constructed  for  protecting  the  LoiR 
\'alley  below  the  confluence  of  the  River  Allier,  and  inundate  the  adjacent 
plains.  To  avoid  the  injuries  caused  by  the  sudden  outburst  of  these 
uncontrollable  floods,  it  has  been  proposed  to  form  openings  in  the 
embankments  at  suitable  places,  amply  protected  from  scour  by  pitching, 
and  at  a  sufficiently  high  level  to  retain  the  floods  in  ordinary  years,  so 
as  to  provide  a  gende  means  of  escape  for  the  exceptional  floods,  and 
thus  render  comparatively  harmless  the  unavoidable,  occasional  inunda- 
tions caused  by  diem. 

Rating  of  River-Bed  resnlting  from  Embankments.— The 
most  serious  objection  to  the  prevention  of  inundations  by  embanking 
a  river,  is  the;  raising  of  the  river-bed  by  the  deposit  of  alluvium,  which 
occurs  on  some  rivers  in  consequence  of  the  confinement  of  the  flood- 
waters.  A  river  coming  down  from  the  mountains  with  a  rapid  flow, 
and  carrying  along  a  large  quantity  of  detritus,  can  no  longer  transpoit 
this  material  as  soon  as  its  velocity  is  checked  on  emerging  on  to  flat 
plains ;  and  a  portion  of  the  sediment  is  carried  by  the  inundations  on 
to  the  land.  When,  however,  such  a  river  is  embanked  in  its  course 
through  the  plains,  the  sediment,  as  well  as  the  flood-waters,  is  wholly 
confined  within  the  embanked  channel,  and,  consequently,  is  sooner  or 
later  deposited  according  to  its  density,  thereby  raising  the  river-bed, 
and  also  the  flood-level.  In  some  instances,  the  increased  height  of  the 
floods,  resulting  from  the  raising  of  the  river-bed,  has  led  to  the  raising 
of  the  embankments  to  prevent  inundations,  which  has  naturally  been 
followed  by  further  deposit  in  the  channel,  necessitating  corresponding 
additions  to  the  height  of  the  embankments.  Some  rivers  descending 
from  the  hills  in  Japan,  have  had  their  beds  and  embankments  so  raised 
above  the  land  by  repetitions  of  these  processes  in  traversing  flat  plains 
on  their  way  to  the  sea,  that,  in  certain  cases,  in  constmcting  railways 
across  the  plains,  it  has  proved  easier  to  carry  the  railway  in  a  tunnel 
under  the  river,  than  to  erect  the  high  bridge,  with  long  approaches, 
which  would  have  been  required  for  crossing  over  the  raised  river. 
This  system,  however,  cannot  be  continued  indefinitely ;  and  sooner  or 
later  a  high  flood  overtops,  or  forces  a  passage  through  a  weak  place  in 
the  embankments ;  and  the  river  pours  out  from  its  elevated  position 
with  devastating  effect  over  the  surrounding  plain.  The  Yellow  River,  in 
(^hina,  is  a  remarkable  example  of  a  sediment-bearing  river,  whose  floods 
have  been  controlled  by  embankments  periodically  raised,  and  which 
occasionally  bursts  through  its  banks,  and  suddenly  inundates  a  large 
tract  of  country,  with  disastrous  consequences  to  life  and  property'. 

Pumping  for  preventing  Inundations. — Occasionally  lands 
lie  so  low  in  relation  to  the  sea-level  that  it  is  impossible  to  drain  them 
by  gravitation,  as  for  instance  the  Haarlem  Meer  reclamation  and 
numerous  other  reclaimed  polders  in  Holland,  and  also  some  portions  of 
the  Fen  country.  Under  these  conditions,  the  requisite  fall  has  to  be 
created  by  raising  the  drainage  water  by  pumping,  and  discharging  it 
over  the  protecting  embankments  enclosing  the  low-lying  land,  into  a 
watercourse  or  drain  at  a  suitable  level  for  conveying  it  to  the  sea,  or  from 
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which  it  can  eventually  be  again  raised  if  necessary  to  ensure  its  outflow. 
By  this  means,  lands  can  be  completely  secured  from  submergence,  if 
properly  enclosed  by  watertight  banks,  and  ample  pumping  power  is 
provided ;  but  the  method  is  only  applicable  to  lands  which  are  valuable 
enough  to  yield  a  fair  profit  after  defraying  the  cost  of  pumping. 

Regulation  of  Rivers  for  NAvtCATioN. 

Rivers  in  their  natural  condition  generally  exhibit  considerable 
variations  in  flow,  notab  lei  irregularities  in  depth,  and  a  somewhat  wind- 
ing course,  particularly  through  alluvial  plains;  and,  consequently, 
liven  are  often  inconvenient  for  navigadon  at  their  low  stage,  more 
espedally  in  the  upper  portion  of  their  course,  where  they  are  frequendy 
toiTential  in  character,  with  a  rapid  fall  and  a  smalt  dry-weather  flow. 
A  river,  on  the  contrary,  is  better  suited  for  navigadon  in  its  lower 
put,  on  account  of  its  channel  and  discharge  being  larger,  owing  to  the 
greater  extent  of  basin  drained,  and  its  flow  more  uniform  with  a  smaller 
fall,  and  the  greater  variety  of  meteorological  conditions  met  with  over 
an  extensive  drainage-area.  Rivers  at  their  low  stage  are  liable  to 
connst  of  a  succession  of  shoals  and  deep  places,  or  rapids  and  pools  ; 
an  enlargement  in  width,  or  a  subdivision  into  two  channels,  is  accom- 
panied by  a  reduction  in  depth ;  and  the  channel  close  alongside  the 
concave  bank  in  a  bend,  which  is  kept  deep  by  the  current  in  its 
direct  course  impinging  against  the  concave  bank,  becomes  shallow  in 
passing  across  the  river  from  one  concave  bank  to  the  next,  on  the 
opposite  side  in  the  bend  below  (Fig.  193). 


Removal  of  Hard  Shoala.— Where  deficiencies  in  depth  and 
rapids  are  due  to  the  existence  of  hard  shoals  across  the  bed  of  a 
river,  which  the  current  is  incapable  of  scouring  away,  such  as  coarse 
gravel,  stones,  boulder-clay,  or  rocky  reefs,  the  depth  may  be  increased 
and  the  flow  regulated  by  removing  these  obstructions  by  dredging. 
aided  by  blasting  in  the  case  of  rocky  ridges.    The  removal,  however, 


;;+   -ffi:j:7«,'rA\v  l\=^  B£\ds  .4xd  river  channels. 

.V  rjCK  bare  sbai:s^  :bo«j:h  effecting  decided  local  improvements  in  the 
cruaaei.  do  d^x  cewrally  c*f  themselves  suffice  to  provide  an  adequate 
M^^iable  depci  e-^vx:i>ou:,  more  especially  as  the  deei^ening  of  the 
ciurael  Acrctss  :he  sboals.  by  fadliiating  the  dischaige  of  the  waten 
7«v:x2s:y  dammec  ::p  lo  some  extent  by  the  shoals,  lowers  the  water- 
level  a:  -Jje  iow  staire  above  the  site  of  the  shoals,  which  is  liable  to 
cr«a:e  a  de^-iesxT  m  cep<h  over  the  shoals  higher  up  in  the  neighbour- 
»>i  o:  :be  imrcovemecrs. 

m 

Son  sbcvals.  bein^:  the  consequence  of  the  configuration  of  the 
cianael,  carjKX  be  permanently  remo\-ed  by  dredging  alone ;  for  if  the 
cau»$  wiuch  pK^aoed  diem  remain  unaltered,  they  are  sure  to  re- 
aprear  acain.  unless  ;he  dredging  is  constantly  renewed. 

ImproTing  River  Channel  at  Bends.— The  winding  course 
commoobr  adopted  by  ri^-ers  flowing  through  allu>Tal  plains,  originated 
by  differeiK^es  in  the  hardness  of  the  materials  constituting  the  banks, 
or  by  acddental  obsauctions  deflecting  the  current,  possesses  the  defect 
:n  Tx?si>ect  :o  na^-igation,  that  the  rapid  current  hugging  the  concave 
bank  in  the  bends,  forees  vessels  to  keep  close  to  this  curving  bank : 
;hi:  the  na\-ij:ab!e  channel  becomes  increasingly  tortuous,  owing  to  the 
pnx:T>«855ve  erosion  of  the  concave  bank  by  the  current ;  and  that  a 
shiul  is  in^-ariabiv  encountered  at  the  crossing  between  the  deep 
channels  in  mo  successive  bends  (Fig.  193,  p.  333). 

The  incieasii^  torTuosit>-  of  the  river,  augmenting  the  awkwardness 
anvi  length  of  na\-igaiion,  can  be  arrested  by  protecting  the  conca« 
banks  from  erosion  with  fascines,  rubble  stone,  piles,  or  dipping  cross 
dvkes :  whilst  the  bends  can  be  actually  eased  by  constructing  a  longi- 
tudinal training  dyke  in  front  of  each  concave  bank,  extending  some- 
what into  the  "river  in  the  centre  of  the  bend  so  as  to  form  a  flatter 

cun-e  (Figs.  194  and  19.0-.  ^    x.    a       wu-    ^ 

The  shoal  at  the  crossing  between  two  bends,  which  is  due  to  the 
spreading  out  of  the  current  in  the  absence  of  any  bank  directing  and 
concentrating  its  flow,  such  as  the  concave  bank  provides  in  the  bends, 
and  to  oscillations  in  its  course  from  \-ariations  in  its  velocity,  can  be 
lowered  by  contracting  the  width  of  the  channel  between  the  bends, 
and  thereby  concentrating  the  current  and  increasing  its  scour  over  the 

'^""RiSSatiokV^  l>y  BykeB.-Those   rivers  only  are 

nitable  for  improvement  for  navigation   by  regulation  alone,  which 
nn^ess  a  good  flow,  and,  consequently,  a  fair  depth  of  water  at  their 
west  stage ;  and  therefore  this  system  is  only  applicable  to  the  lower 
Tfinns  of  brge  rivers  draining  extensive  basms,  s\ich  as  the  Rhine,  the 
t!X  and  the  Mississippi,  or  in  a  smaller  measure  to  such  a  river  as  the 

t.  DC,  aiiu  .i,^,,pk  having  a  moderate-sized  basin  and    rather  a 

Rhone   which    thoug       ^^^  .s    ^^^^.^  ^^^^  ^^  ^,^^,  ^^^^^^^      ^^^  ^ 

large  fall,  *s J^^  ^^  "     ^  Us  ^-en-  low.     The  objects  of  regulation  works 
that  Its  ^''f^'fZ''!'^]^^^^^  channel,  and  th^  slope  of  the 

are,  to  '^e?^^'^^^™  to  concentrate  the  flow  in  dry  weather  in 

water  surface  "^f^f '^^^^^^        this  flow  into  a  central  course;  and  to 

a  single  ^^^^^"^^V^f  i^^^^^^^  a   less  tortuous  direction,  and  a  better 
give  the  low-water  cnannci 


,  LONGITUDINAL,  DIPPING,  AND  SUBMERGED  DYKES.  335 

.  JOavigable  depth,  by  easing  the  bends  and  reducing  the  width  of  the 

*  channel  at  the  low  stage. 

The  regulation  is  best  effected  by  a  judicious  combination  of  longi- 
tudinal dykes,  cross  dykes,  dipping  cross  dykes,  and  submerged  dykes, 

'  these  works  being  constructed,  according  to  the  local  conditions,  of 
fittdnes,  timberwork,  rubble  stone,  pitching,  masonry,  or  concrete.^ 
IiOngitudinal  dykes  are  employed  for  training  the  river  in  easier  curves 
.round  sharp  bends,  and  for  shutting  off  indents,  being  connected  with 
the  bank  behind  by  cross  dykes  to  prevent  the  current  in  flood-time 
•couring  out  a  channel  at  the  back  of  the  longitudinal  dykes  (Figs.  194 

RIVER  REQULATION  WORKS. 
Fig.  194. 


pio.  195. 
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and  195).  Low  cross  dykes,  besides  protecting  the  back  of  longi- 
tudinal dykes,  are  also  used  for  closing  secondary  channels  during  the 
low  stage  of  the  river,  and  for  preventing  these  channels  being  reopened 
by  the  rapid  current  in  flood-time ;  and  they  are  further  employed  for 
restricting  the  low-water  channel ;  and  being  made  to  slope  down  towards 
the  central  channel,  and  directed  so  as  to  point  somewhat  up-stream,  they 
concentrate  the  current  at  the  higher  stages  of  the  river  into  the  low- 
water  channel.     Dipping  cross  dykes,  projecting   into   the   low-water 

•  Pr^atdings  Inst.  C,E.,  vol.  cxviii.  p.  6,  and  plate  i,  figs,  i  to  5  ;  and  vol.  cxxix. 
p.  263,  ftttd  plate  6 ;  and  "  Rivers  and  Canals,"  2nd  edition,  1896,  L.  F.  ^  ernon-nar- 
oonrt,  vol.  i.  p.  60,  and  plate  3,  figs.  2  to  6. 


}}r}  s^s:.i.4r:.\v  :f  depth  of  rivers  by  dykes. 

-'■1 — «=!.  i.oi  L'^yT^  -ziLC^z  warer  towards  their  extremities,  serve  w 
•.'.^'sj,'.  '-.-z  -a-.-^iile  :hiL::r.^l  j:  the  low  stage;  and,  being  constracted 
s:  i*  ::  ji:.-:  sizi'Tii:^.:  up-^ceam.  mcv  direct  the  low-water  flownd 
±T  zr—r'ZiL.  s::ur  :r.::-  ±c  low-water  channel.  Submerged  djke 
iT-  ;-i:-:  i  nsi  -jr.z  zcc'.s  :r.  :he  river-bed,  with  their  tops  wellbdov 
±e  z:l'~^i:\-  iTich.  »'r:  :he  object  of  checking  the  ready  flow  tfaxoqg)i 
^isi  U-z  v:".  :*?.  i-'i  therebv  raising  the  water-level  of  the  riwr 
i-r.r^  :-r  :t  sii^t  ;vvr  rie  shallows  above  the  pools;  so  that  the 
r^'r.^i:'."  'i-zzfir.  :i  :~rr:vcc  over  the  shoals  by  rendering  the  M  of 
rir  -Aiirr  -zltIiiz  zzztt  Uniform  by  regulating  the  river-bed,  just  as 
±-r  :-.zz.z  .:  1  :hj.nr.el  :5  rcwiulated  by  regulating  its  width  (Figs.  194 
ir.i   :■::  .     I  r.rsc   ?u:n:crfcci:   dykes  are   usually  constructed  of  two 
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jtra-.jih:.  c::>r:r.^-  pomons  meeting  at  an  angle  in  the  centre  of  the 
i:h:ir.r.z\,  w::h  :he  j  oint  on  the  up-stream  side,  so  that  they  also,  like  tbe 
cross  t-iykes.  n:.iy  ^--ide  the  main  current  into  a  central  course.  Some- 
timcj  cipiip.^  iross  dyke>  are  put  out  into  the  channel  in  front  of  a 
ionr^'-dina'.  t:yke  which  eases  the  cur\'ature  at  a  bend;  and  they, in 
>uch  a  oas'..  :  r?:-.i :  :he  I'.»ngitudinal  dyke  from  scour  along  its  concave 
sicv.  >::'/.  :"-r:::;.r  reduce  the  bend  of  the  navigable  channel,  and  by 
iiivcrtirij:  ihv  c;:rrcn:  into  a  more  central  direction,  make  vessels  keep 
a  >:rai  jhier  course  further  on  from  the  longitudinal  dyke.  These  regula- 
linn  \vt)rks  j  crn'.anently  nx  and  improve  the  low-water  channel ;  whilsi 
owinj  to  the  low  level  to  which  the  dykes  are  kept  down,  and  the 
deejx:ning  of  the  main  channel,  the  flood  channel  is  practically  not  inter- 
fered with,  thou^::h  floods  are  prevented  from  altering  the  course  of  the 
main  channel. 

The  Rhine  below  Strassburg,  the  Elbe  from  its  entrance  int<i 
(icrmany,  the  Niemen  through  Prussia  (Fig.  195),  and  the  Rhone  below 
Lvons  (Fig.  194^  have  been  systematically  regulated  by  dykes;  and 
the  Mi^>sissiI)pi  and  other  large  rivers  of  North  America  have  bee" 
trained  and  tleepened  by  similar  methods. 

Remarks  on  Regulation  Works. — As  the  improvement  oi 
isolated  shoals  is  liable  to  modify  the  condition  of  the  river  in  their 
neighbourhood,  it  is  generally  advisable  to  deal  with  the  portion 
rciiuiring  amelioration  as  a  whole,  and  to  regulate  it  in  a  systematic 
manner,  with  the  view  of  securing  a  definite  minimum  navigable  depth 
throughout.  It  is  rarely  practicable  to  obtain  any  great  increase  in 
depth  by  regulation  works,  except  possibly  at  some  solitar>',  specially 
defective  spot ;  but  an  increase  in  the  low-water  depth  of  even  three  or 
four  feet,  furnishes  an  imi)ortant  improvement  in  the  navigable  condition 
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i  large  river.  The  rapid  current  of  the  Rhone  might  have  seemed  to 
dude  its  improvement  by  regulation  works ;  but  the  large  quantities 
stones  and  gravel  carried  down  by  the  river  between  Lyons  and 
les,  prevent^  its  improvement  by  canahzation — a  method  which 
old  have  secured  the  important  advantage  of  greatly  facilitating  the 
stream  navigation,  which  is  seriously  impeded  by  the  opposing 
rent.  Large  gently-flowing  rivers  are  best  adapted  for  improvement 
r^rulation  works ;  and  the  r^ulation  of  rivers,  though  not  facilitating 
passage  of  the  up-stream  traffic,  possesses  the  important  merit  of 
iring  the  navigation  of  the  river  perfectly  open,  and  its  water-level 
ctically  unaltered  except  at  its  lowest  stage.  Moreover,  the  works, 
ugh  they  should  all  form  part  of  a  definite,  comprehensive  scheme  of 
Illation,  may  be  carried  out  gradually. 


k~  »» 
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CHAPTER  XXI. 
CANALIZATION  OF  RIVERS. 

Improvement  of  depth  of  rivers  by  canalization — ^River  Ijocks:  object, 
general  form,  and  working ;  position  of  locks,  suitable  sites,  varieties, 
distances  apart ;  sizes  and  arrangements  of  locks,  conditions,  standard 
dimensions  in  France,  on  River  Main,  different  arrangements — ^Weirs: 
classification — Solid  Wetn :  materials  used,  objections  ;  oblique  and 
angular  weirs,  object,  description,  examples — ^Draw-door  Wean- 
object,  construction,  example;  draw-doors  sliding  on  free  rollers, 
advantage,  instances  in  Ireland,  description  of  Richmond  weir,  ova- 
head  bridge  necessar>%  facility  of  raismg — ^Movable  Weirs:  object, 
three  classes,  navigable  passes — i.  Frame  Weirs :  general  form,  foor 
types,  design  of  firet  three  types ;  needle  weir,  description,  contrivances 
for  working,  large  example  on  Great  Sandy  River  ;  sliding  panel  weir, 
advantageous  mode  of  closing  weir,  instances  ;  rolling-up  curtain  weir, 
description  of  curtain,  on  Lower  Seine,  advantages  and  defects; 
suspended  frame  weir,  object  of  modified  form,  description  and  method 
of  working — 2.  Shutter  Weirs:  general  form  ;  bear-trap,  description, 
improved  form,  across  drift  pass  on  Ohio,  inconveniences  ;  shutter  with 
trestle  and  prop,  description,  methods  of  lowering  and  raising,  defects 
in  regulating  discharge,  remedies,  examples,  working,  remarks — 3.  Proxn 
Weirs :  description  ;  drum  weirs  in  France,  on  River  Mame ;  drum  weirs 
in  Germany,  on  River  Main,  at  Charlottenburg ;  drum  weirs  in  United 
States,  novel  form  on  Osage  River,  low  cost — Remarks  on  mo\'able 
weirs, 

RivKRs  which  possess  a  very  variable  flow,  or  whose  water-level  falls 
ver)'  low  during  the  dry  period,  and  are  therefore  not  suitable  for 
improvement  by  regulation  works,  can  have  their  navigable  deptb 
permanently  increased  by  canalization.  By  placing  dams,  known  as 
weirs,  across  the  river  at  suitable  intervals,  the  water  is  retained  above 
them  at  a  higher  level,  and  the  river  is  thereby  converted  into  a  series 
of  nearly  level  reaches,  forming  a  set  of  long  steps  in  place  of  the  usual 
slope  of  the  surface  of  a  river,  resembling  a  canal  in  this  respect ;  whilst 
the  difference  of  level  between  two  successive  reaches  is  surmounted  by 
a  lock,  as  in  a  canal  (Fig.  197).  Owing  to  the  descending  slope  of  the 
river-bed  seawards,  the  weir  has  to  hold  up  the  water  to  a  higher  levd 
at  the  lower  end  of  the  reach  than  is  necessary  for  the  required  depth 
at  that  part,  to  provide  for  the  gradual  shoaling  of  the  channel  up-stream, 
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e  to  the  rise  of  the  bed  up-stream  being  greater  than  the  very  slight  in- 
flation of  the  water  surface  of  the  held-up  river  in  dry  weather ;  whilst 
e  requisite  depth  at  the  upper  end  of  the  reach  may  be  conveniently 
^tained  by  dredging.  Canalized  rivers  have  been  sometimes  called 
ill-water  navigations,  for  they  largely  reduce  the  descending  current 
^  concentrating  the  fall  of  the  water  at  the  weirs ;  and  by  this  means 
^€y  materially  facilitate  the  up-stream  traffic. 


River  Locks. 

Locks  on  rivers  do  not  of  themselves  actually  aid  in  increasing  the 
ayigable  depth  of  the  channel,  which  is  effected  by  the  weirs,  whose 
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Fig.  197.— Canalized  River  Main.    Longitudinal  Section. 
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Fig.  198.— Locic  and  Weir  on  Canalized  River. 


NIKOKKIIAO. 


acAuc     a 


9[o7e 


r«rr.  looo     MO      o 


fKANKFORT 


4000  PftCTW 


nctlon  is  to  hold  up  the  water  in  dry  weather,  and  to  regulate  the 
>w;  but  the  locks  constitute  essential  adjuncts  to  the  improvement 
:>rk5,  in  providing  for  the  passage  of  vessels  from  one  reach  to  the 
jxt  when  navigation  along  the  main  channel  of  the  river  is  barred  by 
eirs.  River  locks  are  closed  by  a  pair  of  gates,  meeting  at  an  angle 
>inting  up-stream  and  abutting  against  a  sill,  at  each  end  of  the  lock- 
lamber,  into  which  vessels  are  admitted  from  the  upper  or  lower 
ach,  and  in  which,  with  both  pairs  of  gates  shut,  they  are  lowered  or 
ised  to  the  extent  of  the  difference  in  level  between  the  reaches, 
^  letting  out  water  from  the  chamber  into  the  reach  below,  or  by 
troducing  water  from  the  upper  reach  into  the  chamber  for  vessels 
oceeding  up  the  river. 


.     ^     -  Jii  -:--    n   nT       -    -~  :r    /  --:   ;  ;.:i     r:r  lock 

.--'.-   vs:    r.-  —  .-r   ::-:^-r.i.      ir.-L  : -.-  2]:rr:^:h  :?  me 

■^  :;    ^.  ru-.-  ;:  ~-:  :  :cr.ii.i~  :ri.  >   -:jj..'v  rmvenient 

___      .     ".     _  .         • 

^-    *     .  :    ••-.    %.  r    i-    ".^cvi,  "Ki«:5— i   :•=   :::?::<' ":n-i:r.:ly  enliried 

»•     ■.-.-*  •--.    :*-.  -■  :r  'i*  i  icr:i.^'*.:   ::!ir*^:  j.-..'.  j.  itr.:^r  ~ow.  the 

•.    •     -.  .     ■-,-■...   •::.:    :  -■:'-  :u>:«ij     ir.d  rtr  ▼=::  r\:,:"i>  jcross  the 

.\-    .:    i'.-^  ".      cr  >::::«=  i!:»:  ■  r  :ir.i,  ▼".:"  :r.r  r  reca'jrion  thai 
-  .  -:*    -•-  .  r:>4i  -"re  -v-r  i:  :zc  i.:iT:-<cr^jju  ±z:i  :>:  the  lock, 

•-    *-.  i.'M   :::u  llt:^-:.*   ::  ::  rr:~  jlL:-. r    .ur*  be  further 

^:..'\\  .  -j.r.  -t  .::c  .■:ci>  u^  ::  :>  rri^ilirec  "ry  the  average 

X"       i.-i:.  :::*<c':-'ir:;;  .  ir,  isr-rr.-Iin^  jl  river,  the  locks 

..  \-.    .  .>v-  i-x-Ci^cr.      r>.u.?  jj:  ^vj.:Li:l:2  navigable  depth 

".  -     . .  ■   .    ^i.:-*."i  :r.  ir^  I  :T^r  Scir.e,  from  the  tidal  limif 

>.  vx-  i.--  %  :::^i  i:«.m:  :;j-  zv.les  arar:  on  the  average: 

-    •       ..    ^.     .   .•.■:c'    ;.-   ■^.-  Vyvc:  ^c:r..:.  between  Paris  and 

..:.  '^5  :c!--    :-;-::r.  >:C'jrc\:  ':y  locks  and  weirs  ai 

.     .  -        *       :    :<     ir.'i  :J".e  av-r^^e  cisLince  aj-urt  of  the 

^  ^-  *  .    -^     .■  .';    "^-i -'.   Z'zzx-'zr.  :z<  cor.-uence  with  the  Rhine 

.    V       .     '  .-;  .'^  ^  ":l-.:^i:".t  itych  of  S^  feet,  is  also  4^  miles.* 

^     -^  -     -  :•-.;:.  :b--  fall  r^jcor/.es  too  great,  the  chann^^ 

•    -  '.   ..,.::..<  ':r:u-:h:  i."^ "An  t>.^  lar^e.  to  enable  a  river  to 

..:  \-     -:.;■'  ^:  j.  :ras:':u':  li  co>:. 

:?::Tf*  AT.**  Arrikn^er::ents  of  Locks  on  Rivers.  -  The  width  At 

•.\^  .  •  •  .  v<.  .i".-  tr.i  a^XLila*:  '.-J  length  between  the  lock-i?iie> 

•  •  .   ■.  X  .'    :-:  l.vk-:haz:bcr.  f.x  the  size  of  the  vessels  which 

,  ..   •  .M'*j.   :i\i  ::•.•: r  :  a::d  therefore  these  dimensions  must  be 

•.'.      .  ;•.•  ,1  r; I >:'>:: ivi  vessel  which  might  be  expected  to  use 

^  .'^.v  ■•^.i:.rA.vv.     The  depth  over  the  sills  of  the  locks  must  be 

.    -    ,■    /    :/  t^i-  .t\a:lable  dejth  in  the  river:  and  it  mav  ^nlh 

,,   .s  —.•.,•..■  :••*.''  v^r  three  feet  deef^er.  if  there  is  a  prospect  01 

,  -'C   ;Vi"r.:ually  deet-ened  to  this  extent  by  dredging,  to 

,\. .V*.,-  .1  iir/w-.r.g  trafnc  and  vessels  of  larger  draught.     Some- 

•'.V    ^^u.x,:.  .\:'.  -.r.orease  in  depth  is  obtained  by  raising  the  weirs: 

*'  N  XV1S  And  Cftiu'>."  2nd  oilition.  1S96.  vol.  i.  plate  4,  fig.  3. 
:-■..  •jU'.t  4.  f.^.  I.  2,  and  6. 
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1300  tons  ;  but  within  the  last  few  years  a  third  jiair  of  jiaics  ius  iHiii 
put  in  the  side  channel,  affording  an  additional  length  of  S.^o  Uxu  into 
which  six  of  the  largest  Rhine  barges  can  be  admitieil  i\\o  abreast,  with 
their  tug  in  the  original  lock  (Fig.  198,  p.  .^.^o).^  Moreover,  as  ihe  NilU 
of  the  locks  on  the  Main  were  placed  8^  feet  below  ilie  watei  le\el 
retained  by  the  weirs,  or  i^  feet  lower  than  tl)e  available  ileplh  in  ibe 
river,  it  has  been  possible  to  inrrease  the  navigable  di'juh  reeenlh  from 
6^  to  %\  feet,  merely  by  dredging  in  the  ui>j)er  iwrl  of  the  reai  bes. 


'   ••  Rivers  and  Canals,"  2inl  i'<lition,  1896,  vol.  i.  pp.  (h)  ami  m;,  :inil  pKilr  .|, 
fig    5. 
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.:l->^.>  ;    \ ;  r?  .:j.-r  recr.  rz::  Icyoi  for  :hc  canaiiza- 

-«:    :  * :  _>.  iri  ¥  -i  ;.::■»■=*. rs.  ir  i  mo va b  1  c  wcirs.  A 

.  U-—  ::  .  -,-^-i  1. -.-;??$  ^-e  jr-ir-nc'.  of  a  river  to  raise 

V :_:_:-;-     ,  _:  ir.c  vree  cLis^se-s  of  weirs  differ  with 

.<    :f  ::v«j.r-r^   r:c    now   of  a    river,  and 

\. ~^;    ;■   ":«:iis.      S.'-i   w-irs   form  verv  efticient. 

:.  :  <       -  7jj.^u.rjr^    ±=    river  above  them  at  a 

^.      .    .:•:%  -^  .::":= r.  urics*  they  should  happen  to 

^'  ";■«.■.     . -:  1.-.T  cr-ir^.e:  c^in*:  closed  up  to  the 

T. .  -     :.~.    -.-^r   >j.s  :."  rise  above  the  crest  of  the 

:.  ■  -  :  •:-.   :;   j:svhar*:e  its  drainage  waters :  and, 

.:  .  .>  :.    ::sr  r.:^r.er  Ji  flood-time  than  before  its 

.    -s.i-.r-'. '.c^  v'isur.ce  above  the  weir.     Draw- 

r:  "^   .:     .i.-.i.:?   ;:  lifrln^   gates   sliding   in   grooves, 

"^>   - ::  -.^r.  ;  liTS.  oar.  be  panially  opened  for  the 

;.    :..  >..  .;    :/.i    j:.i:e>.     Movable   weirs  consist  of 

'  ..■.;.•.:  .-.jr.'s^  .i  river  in  dr\-  weather,  which  can  bf 

:;:.*.  :  .^  ..■..i::::l'.  en  the  approach  of  floocis. 


Sv.'LlD   \Ve1K.>. 

^oiid  weirs  rornicd  of  ru"i»i.iic  sione  with  sheet-piling,  masonry,  crib- 
work  weighted  with  stonts,  or  fascine-work  (Figs.  201  and  203). 
possess   the  advantages   of  simplicity,   strength,   and  durability;  but 

'  .-iftna/es  des  Ptmts  et  CAauss.'es,  1SS9  ^2),  p.  50.  and  plates  34  and  35. 
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whilst  improving  the  depth  of  a  river  for  navigation,  they  render  the 
channel  less  free  for  the  primary  object  to  which  it  owes  its  existence, 
namely,  the  discharge  of  the  rainfall,  for  they  bar  the  lower  part  of  the 
channel  as  much  in  flood-time  as  at  a  low  stage,  and  consequently 
increase  the  height  of  floods. 

Oblique  and  Angular  Weirs. — The  obstruction  presented  by 
solid  weirs  to  the  discharge  of  floods  b  so  obvious,  that  efforts  have 
been  made  to  minimize  this  defect  by  placing  the  weir  in  such  a  position 
to  increase  the  length  of  its  crest.    One  device  consisted  in  building 
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the  solid  weir  obliquely  to  the  channel,  so  as  to  increase  its  length, 
as  exemplified  by  weirs  on  the  River  Severn  (Fig.  200);  but  as 
the  direction  of  the  current  follows  the  line  of  the  cliannel,  and  does 
not  approach  such  a  weir  at  right  angles  to  its  crest,  the  discharge  over 
an  oblique  weir  differs  little  from  that  over  a  weir  built  straight  across 
a  river  at  right  angles  to  the  stream.  The  only  effectual  way  of 
increasing  the  discharge  over  a  solid  weir  is  by  placing  it  across  a  wide 
part  of  the  river,  or  by  keeping  its  crest  below  the  required  water-level, 
and  raising  its  height  temporarily,  during  the  dry  season,  by  placmg 
planks  edgewise  along  the  top. 

Angular  or  segmental  weirs,  with   the  angle  or  the  convex  face 
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I>laced  up-stzeam,  have  been  sometimes  used  for  directing  the  water 
falling  over  the  weir  into  a  central  course,  and  also  probably  with  the 
idea  of  improving  the  discharge.  In  canalizing  the  torrential  RiTer 
Lot  in  France  many  years  ago,  for  185  miles  above  its  junction  vitfa 
the  Garonne,  the  first  weirs  erected  were  made  in  two  oblique  halves 
meeting  at  an  angle :  ^  but  this  arrangement,  by  causing  eddies,  produced 
incon\'enient  back  currents  towards  die  down-stream  end  of  the  lock,  so 
that  the  design  was  altered  to  a  single  oblique  weir  on  one  side  of  the 
channel,  with  a  straight  length  of  weir  intervening  between  the  oblique 
weir  and  the  lock  on  the  opposite  side  (Fig.  202,  p.  343).  This  latter 
arrangement  diverts  the  main  current  away  from  one  bank,  and  directs 
It  towands  the  channel  leading  to  the  lock. 


Draw-door  Weirs. 

The  hindrance  to  the  discharge  of  floods  presented  by  solid  weiis, 

has  been  often  mitigated  by  introducing  draw-door  weirs  in  place  of 

't>ortions  of  the  solid  weirs.     These  draw-door  weirs,  with  their  siJLs 

placed  some  feet  below  the  crest  of  the  solid  weir,  are  closed  by  wooden 

or  ia^n  tiates  sliding  in  grooves  formed  in  the  piers  on  each  side ;  and 

by   raising   these  gates  on   the  approach  of  a  flood,   openings  are 

\  rovided  between  the  piers  for  the  discharge  of  the  flood-waters  which, 

accordingly,  do  not  rise  as  high  as  when  the  channel  is  barred  by  a 

M>lid  weir.     Usually  the  dry-weather  flow  of  the  river  passes  over  a 

length  of  solid  weir ;  whilst  the  draw-doors  are  only  raised  when  the 

liisclurvie  becomes  large.     It  is  evident  that  if  a  weir  was  wholly  closed 

by  draw -doors  with  their  sills  at  the  level  of  the  river-bed,  the  flow 

cxHild  be  completely  regulated ;  and  the  piers  between  which  the  gates 

sluio  would  form  the  sole  impediment  to  the  flood  discharge,  when  the 

j:atc>  are  fully  raised.     Generally,  however,  with  the  object  of  sa\Tng 

irouMo  in  working  and  cost  in  construction,  the  dmw-doors  only  form 

[uri  of  the  weir ;  and  their  sills  are  placed  on  a  solid  mound  several 

foot  above  the  river-bed.     For  instance,  Teddington  weir  at  the  tidal 

limit  of  the  Kivor  Thames,  >vith  a  total  length  of  480  feet,  has  solid 

weirs  extending  out  from  the  banks  for  half  its  length;  whilst  the  central 

half  of  the  river  is  closed  by  plate-iron  doors,  6  feet  high  and  7^  feet 

wide,  sliding  in  grooves  at  the  sides  of  iron  frames  erected  at  inter>'als 

across  the  central  part  of  the  river,  the  sill  of  the  weir  being  laid  on  the 

top  of  a  rubble  mound  raised  about  5  feet  above  the  bed  of  the  river.* 

Draw-doors  of  Weirs  sliding  on  Free  Rollers. — ^\Vhen  a 
draw-door  or  lifting  gate  has  to  be  raised  against  a  head  of  water  on 
one  side  of  it,  the  frictional  resistance  to  motion  is  considerable, 
osjxx  ially  if  the  gate  is  a  big  one  and  the  head  large.  To  reduce  this 
friction  to  a  minimum,  instead  of  making  the  gate  move  along  an  iron 
or  masonry  face  at  each  side,  it  is  allowed  to  slide,  in  a  recess  in  each 
pier,  upt^n  a  row  of  free  rollers  suspended  vertically  in  the  loop  of  a 

*  Annales  da  Fonts  et  Chaussks^  1865  (i),  p.  1 5 1,  and  plates  103  and  104. 

*  "  Ri\>ers  and  Canals/'  ist  edition,  1882,  vol.  ii.  plate  4,  figs.  9  and  10. 
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ctuun,  one  end  of  the  chain  being  attached  to  the  gate,  and  the  other  10 
tiie  side  of  the  pier. 

Weirs  on  this  principle  were  erected  in  Ireland  across  the  River 
£nie  at  Belleek  in  18S3,  and  across  the  River  Suck  at  Ballinasloe  in 
Z8S5,  for  controlling  the  drainage  of  the  districts  above  them,  the  gates 
1>eing  31  feet  and  25  feet  wide  respectively;  whilst  the  most  notable 
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weir  of  lliis  type  was  erected  across 
the  Thames  at  Richmond,  in  1892- 
94,  for  maintaining  the  river  above 
at  half-tide  level,  so  as  to  cover  the 
mud-banks,  by  lowering  draw-doors. 
1 2  feet  high,  across  the  three  central 
arches  of  an  iron  footbridge  travers- 
ing the  river  channel  with  clear 
spans  of  66  feet  each,'  and  leaving 
the  tide  free  to  ascend  the  river 
up  to  Teddington,  as  before,  when  it  rises  above  half  tide,  by 
rainng  the  draw-doors  (Figs.  204,  205,  and  206),     The  draw-doors  at 

'  Enginiaing,  vol.  Iju.  p.  47. 
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Richmond,  when  raised  by  cables  from  the  footbridge,  are  rotated 
automatically  by  curved  grooves  in  the  piers  into  a  horizontal  position, 
in  the  space  provided  for  the  purpose  between  the  double  footbridge, 
so  that  they  may  not  obstruct  the  view  of  the  river  through  the  archo 
(Fig.  206) ;  and  free  rollers  are  in  this  instance  placed  both  on  the  up- 
and  down-stream  sides  for  the  draw-doors  to  slide  against,  as  the  head 
of  water  with  a  rising  tide  may  be  on  the  down-stream  side  of  the  draw- 
doors.  The  draw-doors  in  all  these  instances,  being  large  and  hea\7, 
are  counterbalanced  by  weights,  so  that  they  are  easily  raised,  a  point 
of  considerable  importance  for  the  Richmond  weir,  where  the  draw- 
doors  have  to  be  raised  and  lowered  again  each  tide,  except  in  flood- 
time  or  during  low  water  occurring  at  night,  when  they  are  kept  up. 
Hach  draw-door  at  Richmond,  weighing  32  tons,  can  be  raised  in 
7  minutes ;  and  the  discharge  of  the  river  is  provided  for,  when  the  weir 
is  closed,  by  a  requisite  raising  of  the  draw-doors  from  their  sills.  The 
head  is  usually  insignificant  at  the  Richmond  weir,  except  when  the 
draw-doors  have  to  be  raised  at  low  tide  to  regulate  the  discharge ;  but 
in  consequence  of  the  adoption  of  free  rollers  and  counterbalaxKe 
weights,  the  draw-doors  at  the  Belleek  weir  can  be  easily  raised,  by  one 
man,  against  a  head  of  14^  feet. 

An  overhead  footbridge  constitutes  an  essential  portion  of  diaw- 
door  weirs ;  and  for  such  a  weir  to  be  used  in  flood-time  as  a  navigable 
pass,  it  would  be  necessary  to  have  a  high  enough  bridge,  and  to  raise 
the  gate  sufficiently,  to  afford  the  required  headway  for  vessels.  By  tbe 
adoption  of  free  rollers,  aided  by  counterbalance  weights,  it  has  been 
l)0ssible  to  give  draw-door  weirs  such  wide  openings  as  to  render  them 
practically  nearly  equivalent  to  movable  weirs,  in  providing  an  almost 
unimpeded  channel  for  the  discharge  of  floods.  The  remarkable  facility, 
indeed,  attained  in  moving  the  draw-doors  of  these  weirs,  has  made  it 
much  easier  and  (juicker  to  oj^n  or  close  these  weirs  than  most  systems 
of  movable  weirs;  and  the  only  hindrances  in  the  way  of  their  more 
extended  use,  are  their  cost,  and  the  high  overhead  bridge  they  require. 

Movable  Weirs. 

Movable  weirs  are  essentially  temporary  barriers  placed  across  a 
river,  on  the  approacli  of  the  dry  season,  to  maintain  the  water-level  for 
navigation  throughout  the  low  stage  of  the  river,  and  removed  entirely 
from  the  channel  when  floods  come  down;   though  these  weirs  are 
usually  divided  into  wide  bays,  by  masonry  piers,  for  convenience  in 
working ;  and  occasionally,  for  the  sake  of  economy,  the  sills  of  portions 
of  the  weirs  are  somewhat  raised  above  the  river-bed.     These  weirs 
may  be  divided  into  three  classes,  namely,  (i)  Frame  weirs,  (2)  Shutter 
weirs,  and  (3)  Drum  weirs,  the  first  and  second  of  which  comprise  some 
distinct  types.     The  weirs  of  the  larger  continental  rivers  are  generally 
composed  of  one  or  more  shallow  bays  near  one  bank,  sometimes  used 
for  regulating  the  flow,  and  one  or  two  navigable  i)asses,  with  deep  alls, 
in  the  centre  or  deepest  channel  of  the  river,  which  are  traversed  by 
vessels   in   flood-time   when   the   weir  has   been  removed,  and  when 
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the  lock  at  the  side  is  often  submerged,  and  consequently  inaccessible, 
and  navigation  along  the  open  river  is  both  more  convenient  and 
quicker  for  the  down-stream  traffic. 

I.  Frame  Weirs. 

A  frame  weir  consists  of  a  series  of  hinged,  iron  frames  placed  across 
the  river,  supporting  a  wooden  barrier,  formed  of  a  number  of  parts, 
which  constitutes  the  actual  weir  retaining  the  water  above  it,  and 
which  is  removed  and  replaced  by  men  standing  on  a  footbridge 
resting  on  the  frames.  There  are,  however,  four  types  of  frame  weirs, 
three  of  which  are  similar  in  regard  to  their  frames,  but  differ  in  the 
form  of  barrier  used  for  closing  the  weir ;  whilst  the  fourth,  and  newest 
t3rpe,  has  a  different  kind  of  frame,  and  a  different  method  for  removing 
the  frames  from  the  channel.  These  four  types  may  be  denominated, 
needle  weir,  sliding  panel  weir,  rolling-up  curtain  weir,  and  suspended 
frame  weir.  The  different  forms  of  barrier  in  the  first  three  types,  all 
rest  against  braced,  wrought-iron  frames,  built  up  of  angle- irons,  channel- 
irons,  T  irons,  and  bar  irons,'  placed  in  a  row  across  the  river,  at 
intervals  generally  of  between  three  and  four  feet,  upon  a  masonry 
apron  laid  on  the  river-bed,  and  hinged  at  the  bottom  so  that  they  can 
be  lowered  sideways  by  chains,  and  lie  almost  flat  at  the  bottom  of  the 
river  during  the  flood  season ;  whilst  when  the  frames  are  raised  and 
connected  by  bars,  a  footbridge  of  planks  or  of  hinged,  iron  plates  is 
readily  formed  along  the  top  across  the  river,  from  which  the  barrier 
forming  the  weir  is  put  in  place  or  removed  in  sections  (Figs.  207,  208, 
and  209,  p.  348). 

Needle  Weir. — The  earliest  type  of  movable  frame  weir  derived 
its  name  of  barrage  d  aiguilles,  or  needle  weir,  from  the  square  spars, 
termed  needles  in  France,  which  are  employed  for  closing  the  weir. 
These  spars,  about  a-|  to  3,  or  even  4  inches  square,  rounded  off  into 
the  form  of  a  handle  at  the  top,  are  ranged  close  together  in  a  con- 
tinuous row  across  the  river,  resting  against  a  projecting  sill  at  the 
bottom,  and  against  a  bar  connecting  the  up-stream  face  of  the  frames 
at  the  top,  giving  the  needles  a  little  inclination  up-stream  towards  the 
bottom  (Fig.  207,  p.  348).  The  discharge  of  the  river  can  be  regulated 
by  removing  some  of  the  needles,  or  even  by  pushing  a  sufficient  number 
forward  at  the  top,  and  keeping  them  in  position  by  blocks  of  wood. 

In  the  earlier  needle  weirs,  the  needles  being  of  a  fairly  manageable 
size,  were  readily  put  in  place  and  removed  by  the  weir-kceper ;  but 
when  the  height  of  the  weirs,  and,  consequently,  the  length  and  cross 
section  of  the  needles  were  increased,  hinged  bars  were  used  in  some 
cases  for  the  needles  to  rest  against,  which  could  readily  be  released 
and  displace  a  series  of  needles ;  and  in  other  instances,  iron  hooks 
have  been  attached  to  the  needles,  encircling  the  bar  against  which  they 
rest,  guiding  and  supporting  the  needles  in  their  descent  for  closing  the 
weir,  and  enabling  the  needles,  on  being  raised  by  a  winch  on  the 
footbridge  clear  of  the  sill,  to  revolve  down-stream  on  the  bar  into  a 

'  Proceedings  Inst.  C./:.,  vol.  Ix.  pjate  2,  fig.  3,  ami  plate  4. 


floating  twsition,  s<i  as  to  open  the  weir,  from  whence  they  can  bf 

I  removed  at  leisure. 
Some  of  the  largtrst  mrwile  weirs  on  the  Continent  have  been  erecid 
■cross  the  Belgic  Meuse  and  the  Main,  in  depths  of  about  lo  feet;  bui 
ibis  type  of  weir  has  been  extended  to  a  depth  of  1 3  feet,  with  needlw 
which  are  in  reality  beams,  in  the  weir  completed  at  I^ouisa,  across  the 
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Great  Sandy  River  in  the  United  Stales,  in  1897.  The  frames,  pteW 
4  feet  apart,  are  hght,  steel  structures,  so  designed  that  when  lowered 
on  to  the  river-bed,  they  lie  flat,  one  inside  the  next  in  front,  and  not 
partly  on  one  another  as  in  the  ordinary  frames,  reducing  the  depth  of 
the  recess  required  to  receive  and  protect  them.  The  while  pio' 
needles  are  all  12  inches  wide,  and  are  8^  feet  long,  3^  inches  thick  V 
the  bottom  and  z~  inches  at  the  top  in  the  shallower  [lortion  nf  lb« 
weir,  and  14^  feet  long,  8^  inches  thick  at  the  bottom  and  4J  intAcs 
at  the  top  across  the  navigable  pass.*  The  needles  are  put  in  place  and 
removed  by  means  of  chains  worked  by  a  derrick  erected  on  a  specJil 
boat,  and  attached  to  handles  provided  for  the  purpose  ai  the  top  oflht 
needles,  A  shallow  groove  cut  in  each  side  of  the  needles  of  the  piss. 
enables  leakage  between  the  needles  to  be  prevented,  if  necessary,  bj 
the  insertion  of  strips  of  rubber  in  these,  grooves. 

Sliding  Panel  Weir, — The  defects  of  the   ordinary   fon»  <^ 

needles,  namely,  the  thickness  not  being  proportioned  to  the  pressnit, 

;ihe  needles   becoming  too  heavy  for  deep  weirs,  and  undue  leakage 

:curring  through  the  numerous  joints,  though  got  over  at  the  GieU 

idy  Kiver  weir,  on  the  condition  of  having  to  use  Bpednl 


1  Sfcltty  of  Cwvil  Eipnun,  vol.  imxlx.  jiji.  **0- 
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for  closing  and  opening  the  weir,  have  been  obviated  in  a  more  simple 
and  manageable  manner,  by  substituting  wooden  panels  sliding  in 
iprooves  between  each  pair  of  frames,  for  the  needles  (Fig.  208,  p.  348). 
These  panels  can  be  varied  in  thickness  according  to  the  depth  at  which 
they  are  to  be  placed ;  there  are  only  two  or  three  horizontal  joints 
in  each  row  of  panels,  weighted  by  the  panels  above  them ;  and  by 
increasing  the  number  of  panels,  or  reducing  the  width  between  the 
frames,  they  can  be  readily  adapted  to  any  height  of  weir,  without 
hecoming  too  heavy  for  the  weir-keeper  to  put  in  place,  from  the  foot- 
bridge, with  a  boat-hook  encircling  the  iron  loop  at  the  top  of  each 
panel,  and  to  raise  by  a  hook  and  chain  worked  by  a  crab  travelling  on 
the  footbridge. 

This  form  of  weir  was  first  used  for  some  weirs  on  the  River 
Moskowa;  it  was  also  adopted  for  the  regulating  portion  of  the 
Mulatifere  weir  across  the  Sa6ne  at  Lyons ;  and  it  is  in  operation,  on  a 
larger  scale,  at  the  reconstmcted  Suresnes  weir  aqross  the  Seine  below 
Paris,*  where  four  panels,  each  /^\  feet  high  and  4  feet  wide,  slide  down 
grooves  between  each  pair  of  frames,  20  feet  in  height,  and  retain  a 
head  of  lof  feet  above  the  weir,  in  a  depth  of  water  of  about  17  feet 
(Fig.  208). 

BolUng-ap  Curtain  Weir. — Another  fairly  watertight,  easily 
worked  barrier  for  closing  frame  weirs,  consists  of  a  curtain  composed 
of  a  series  of  horizontal,  wooden  laths  increasing  in  thickness  down- 
wards, and  connected  by  watertight  hinges,  which  is  rolled  up  from  the 
bottom  by  a  pair  of  endless  chains  worked  by  a  crab  travelling  along 
the  footbridge.  The  curtain,  about  7^  feet  wide,  rests,  when  let  down, 
against  two  frames,  and  extends  beyond  them  on  each  side  for  the 
width  of  half  the  space  between  two  frames,  leaving  only  a  slit,  i^ 
inches  wide,  between  it  and  the  adjacent  curtain,  to  afford  clearance 
for  working,  through  which  the  only  leakage  across  the  weir  takes  place. 
These  curtains  were  first  employed  in  1880,  for  closing  the  new  weir 
across  the  Lower  Seine  at  Port  Villez  (Fig.  209,  p.  348) ;  and  they 
have  since  been  adopted  for  several  of  the  more  recent  weirs  on  the 
same  section  of  the  river.  They  are  readily  raised  from  the  bottom 
to  any  desired  extent  for  regulating  the  discharge  ;  and  they  can  each 
be  entirely  rolled  up,  or  lowered,  in  about  ten  minutes  by  aid  of  the 
crab.  These  rolling-up  curtains  provide  a  superior  barrier  for  closing 
frame  weirs  than  sliding  panels,  in  respect  of  facility  of  manipulation 
and  rapidity  in  opening  and  closing  the  weir ;  but,  on  the  other  hand, 
they  are  more  costly  and  less  durable  than  panels,  they  create  a  con- 
siderable scour  at  the  bottom  when  partially  rolled  up  to  regulate  the 
discharge,  and  they  afford  more  scope  for  leakage  in  the  interval 
between  them,  than  panels  properly  put  down. 

Suspended  Frame  Weir. — In  the  ordinary  forms  of  frame  weirs 
just  described,  though  the  movable  barriers  closing  these  weirs  can  be 
stored  away  when  the  weir  is  open  during  the  flood  season,  the  frames 
have  to  lie  flat  on  the  bed  of  the  river,  exposed  to  the  chance  of  injury 

*  Annala  des  Fonts  et  Chatusics^  1889  (2),  p.  63,  and  plates  36-42. 
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from  any  heavy  drift  the  rivermay  hring  down  in  flood-time,  and  8K 

_  liable  to  be  strained  in  being  low-ered  on  one  another  under  wata,  Jnd 

mJsed  again.     The  comparative  freedotn,  however,  of  these  frames  from 

lerious  injury,  is  adequately  proved  by  their  extenaJve  employment  oo 

;  Continent   of  Europe,  and  in   the   United   States.     Nevertheless, 

B  bringing  down  large  quantities  of  detritus  might  bury  the  fntmei 

Kith  deposit  towards  the  close  of  the  flood  season ;   and  it  was  iriih 

;  view  of  canalizing  the  Rhone  several  years  ago,  that  the  idea  of 

P suspended  frames  was  conceived.     Though   the  suggested  scheme  mi 

never  attempted  on  the  Rhone,  the  system  of  frames  suspended  from 

a  wide,  overhead  bridge,  has  been  adopted  for  two  of  the  more  renW 

weirs  on  the  Lower  Seine,  namely,  at  Poses  and  Port-Hort'  (Fig.  210I- 

■  frames,  braced  in  pairs,  are  hinged  and  suspended  from  fli 


^ 


I 


underside  of  the  bridge,  and  can  be  hung  almost  vertically,  : 
abut  againsC'a  .sill  at  the  bottom,  for  closing  the  weir  by  the  aid  * 
rolling-up  curtains,  or  can  be  lifted  by  a  chain,  worked  by  a  moval''' 
winch  from  the  bridge,  into  a  horizontal  position  on  the  approach  o( 
floods,  thereby  removing  all  the  movable  parts  of  the  weir  out  of  to 
river.  The  rolling-up  curtains  are  worked  from  a  small  footbtiil^ 
formed  by  a  series  of  hinged  brackets  let  down  al  the  back  of  each 
frame  when  in  place.  The  piers  carrying  the  overhead  bridge,  with 
spans  of  99  to  1065  feet,  divide  the  weir  into  separate  bays,  aoon 
the  shallower  of  which,  the  girders  are  only  raised  sufficiently  to  be  oot 
of  the  reach  of  the  highest  floods ;  but  across  the  navigable  fassiM,  ihc 
bridge  has  to  be  placed  high  enough  to  afford  the  requisite  clot 
idway  of  16^  feet  above  the  highest  navigable  level,  with  the  ^bbdc*  { 
'  PrKtaiingt  /tut.  €.£.,  vol.  Ixuiv.  p.  134,  and  pltUc  3. 
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sed  underneath  the  girders  (Fig.  210).  The  curtains,  which  can,  if 
cessary,  each  be  rolled  up  or  lowered  in  the  deepest  passes  in  13  and 
minutes  respectively,  rest  and  remain  on  the  frames  when  these  are 
ised  ;  the  raising  of  all  the  frames  of  the  seven  passes  of  Poses  weir, 
Ith  a  total  opening  of  693  feet,  can  be  accomplished  by  five  men,  with 
le  electric  winch,  in  1 2  hours,  and  they  can  be  lowered  in  7  hours ; 
id  by  using  a  steam  winch  as  well,  the  whole  of  the  weir  can  be  fully 

rued  by  twelve  men  in  7  hours,  and  the  frames  lowered  again  in 
hours.*  This  period  of  opening  is,  indeed,  very  long  in  comparison 
rith  the  rapid  lifting  of  the  draw-doors,  or  gates,  at  Richmond  weir ;  but 
he  operation  has  only  to  be  effected  at  the  Seine  weirs  on  the  approach 
>f  a  high  flood ;  there  is,  moreover,  ample  time  available  for  opening 
ihese  weirs,  the  curtains  being  raised  gradually  in  the  ordinary  course 
IS  the  discharge  increases,  and  the  weir-keepers  are  on  the  spot ;  whilst 
the  passes  on  the  Lower  Seine  are  considerably  wider  than  at  Richmond, 
and  the  headway  which  must  be  provided  in  flood-time  is  greater.  In 
this  form  of  weir,  however,  as  in  draw-door  weirs,  an  overhead  bridge 
is  a  necessity,  from  which  other  forms  of  weirs  are  exempt.  The  lock 
and  weir  at  Poses  furnish  an  interesting  recent  application  of  electricity, 
generated  by  a  turbine  actuated  by  the  fall  of  water  at  the  weir,  to  the 
forking  of  the  lock-gates  and  sluices,  the  opening  and  closing  of  the 
^eir,  and  the  lighting  of  the  lock  and  weir  at  night. 

2.  Shutter  Weirs, 

Shutter  weirs  consist  of  a  row  of  large  panels,  or  shutters,  hinged  to 
the  apron  of  the  weir  or  to  iron  trestles,  which  when  the  weir  is  closed 
^e  kept  raised  against  the  river,  somewhat  inclined  down-stream  towards 
t^e  top,  by  resting  either  against  a  row  of  reversed  shutters  at  their 
^Pper  ends,  or  on  a  series  of  central,  iron  props  hinged  to  the  centre 
^f  the  back  of  each  shutter,  and  fitting  at  their  lower  extremities  into 
^^t-iron  shoes  fastened  on  the  apron  and  supporting  the  props  (Figs. 
2ii  and  212,  p.  352). 

Bear-trap  Weir. — The  earliest  form  of  shutter  weir,  erected  first 
^^^  the  United  States,  and  known  there  as  the  bear-trap,  and  sub- 
^uendy  introduced  into  France  for  a  small  weir  across  t^e  Marne  at 
ta  Neuville-au-Pont,'  consists  of  two  shutters,  or  gates,  abutting  against 
One  another  at  an  angle  at  the  top  when  raised  for  closing  the  weir, 
the  up-stream  one  forming  the  weir  and  the  down-stream  one  acting  as 
3  support,  each  shutter  turning  on  a  horizontal  axis  laid  across  the  apron 
of  the  weir,  so  that  they  can  be  either  raised  to  close  the  weir,  or 
lowered  so  as  to  lie  flat  one  on  the  other  on  the  bed  ^f  the  river. 
This  form  of  weir  fell  into  disuse  for  some  time,  owing  to  defects  in 
trorking;  but  it  has  recently  been  revived  again  in  America  with  ini- 
arovements  in  the  design,  one  of  the  best  types  being  shown  in   Fig. 

•  "  Navigation  de  la  Seine  de  Paris  a  Rouen,"  A.  Camer^,  Paris,  1900,  pp.  i  -16  ; 
iid  **  Notice  sur  Ics  Nouveaux  Types  de  Barrage  appliques  sur  le  Basse  Seine," 
i.  Camcrc,  Paris,  1900,  p.  7. 

*  ••  Rivers  and  Canals,"  2nd  edition,  1896,  vol.  i.  p.  132,  and  plate  4,  fig.  15. 


352   BEAR-TRAP,  AND  SHUTTER    WEIR    WITH  BRIDGl. 

3it,  which,  placed  across  the  opening  of  a  weir  80  feet  in  widd],li>>  1 
been  readily  raised,  lowered,  or  put  in  any  intermediate  position,  imiB  1 
a  maximum  head  of  16  feet,  by  means  of  chains  worked  by  one  mu  1 
turning  a  winch.'     Moreover,  a  bear-trap  weir  of  the   older  type,  io  I 


which  the  shutters  were  designed  to  be  raised  by  the  water-pressui* 
admitted  underneath  them  by  culverts  bringing  water  from  the  v^fO 
pool,  has  been  erected  on  the  Ohio  across  a  drift  pass,  5 1  feet  wide,  in 
the  Davis  Island  weir,  owing  to  its  being  more  easily  raised  again  al » 


low  stage,  after  the  drift  has  been  let  through,  than  the  French  type  of 
shutters  (Fig.  21*),  which  close  the  rest  of  the  weir.  Hitherto  it  Im 
not  proved  practicable  to  adopt  this  form  of  shutter  weir  to  nav^^k 
passes,  owing  to  the  insufficiency  of  the  head  of  water  for  raising  the 
shutters  in  a  deep  pass;  and,  moreover,  the  considerable  inclination  o( 


'  PreteUiHgt  Inst.  C.E.,  vol.  ci 


1.  35S,  and  plate  6.  fig.  i 
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s  shutters  when  raised,  and  the  wide  apron  required  for  the  two  shutters, 
ader  the  shutters  very  large,  and  the  form  of  weir  costly  for  deep 
.sses. 

Shatter  Weir  with  Trestle  and  Prop. — The  ordinary  form  of 
utter  weir  used  in  France,  Belgium,  and  the  United  States,  consists  of 
row  of  wooden  or  iron  shutters  turning  on  a  horizontal  axis  at  the  back, 

down-stream  side  of  the  shutter,  placed  a  little  above  the  centre 

pressure  of  the  shutter,  and  supported  on  an  iron   trestle  which 

hinged  to  the  apron  of  the  weir,  and  assumes  an  upright  position 
len  the  weir  is  closed,  with  the  shutters  inclining  over  somewhat  down- 
'earn  at  the  top  and  abutting  against  a  sill  at  the  bottom  (Fig.  212). 
le  hinged  trestle  and  shutter  is  supported  in  position,  when  raised,  by 
I  iron  prop  resting  against  a  cast-iron  shoe  at  its  lower  end ;  and  when 
e  prop  is  released  from  its  shoe,  either  by  a  tripping  bar  laid  on  the 
>ron,  provided  with  projecting  teeth  at  intervals,  which  when  worked 
^m  the  bank  draw  the  props  sideways  out  of  their  shoes,  or  by  a  slight 
ill  of  the  props  up-stream  by  means  of  chains  fastened  to  the  bottom  of 
^e  shutters,  the  unsupported  trestles  and  shutters  fall  flat  on  the  apron 
^er  the  props,  as  shown  by  the  dotted  lines  in  Fig.  212.  The  weir  is 
•instated  by  pulling  up  each  shutter  successively,  in  a  horizontal  position, 
X)m  a  special  boat,  or  from  a  footbridge  on  movable  frames,  and  thereby 
iising  the  trestle  and  replacing  the  prop  in  its  shoe.  The  shutters,  which 
re  usually  made  between  3  and  4  feet  wide,  have  necessarily  small 
itervals  left  between  them  for  clearance,  through  which  leakage  occurs, 
nd  which  have  occasionally  been  closed  by  wooden  laths  laid  over  the 
pertures  on  the  up-stream  side  during  the  dry  weather. 

Originally  it  was  supposed  that  the  smaller  shutter  weirs  across  the 
lallow  passes,  would  regulate  the  water-level  of  the  river  above  them 
itomatically,  by  the  tipping  down  of  the  balanced  shutters  as  the  river 
►se ;  but  the  tipping  occurred  too  suddenly,  and  the  shutters  did  not 
ght  themselves  till  the  river  had  been  considerably  lowered.  Accord- 
gly,  the  regulation  of  the  discharge  at  a  shutter  weir,  when  not  effected 
f  a  special,  shallow,  regulating  pass,  like  the  needle  weirs  alongside  the 
lUtter  weirs  on  the  Upper  Seine,  is  accomplished,  either  by  partially 
;)ping  some  of  the  shutters  by  means  of  chains  from  a  footbridge  on 
imes,  which  has  often  been  added  for  facilitating  the  working  of  shutter 
sirs,  or  by  the  opening  of  butterfly  valves  revolving  on  a  horizontal 
tis,  resembling  small  shutters,  in  the  up{)er  panels  of  the  shutters,  either 
Itomatically  with  the  rise  of  the  water-level,  or  by  aid  of  a  push  with  a 
)at-hook. 

Some  of  the  largest  shutters  of  this  type  have  been  placed  in  the 
Lvigable  pass,  340  feet  wide,  of  the  weir  across  the  Saone  at  Lyons,  being 
\\  feet  high  and  4-y  feet  wide,  made  of  iron,  and  having  butterfly  valves 
feet  high  by  3  feet  wide  ;  and  these  shutters  are  readily  raised  and 
wered  from  a  footbridge  on  frames.  A  footbridge  was  provided  for 
>rking  the  shutter  weir  across  the  Ohio  at  Davis  Island,  as  the  drift  and 
aval  brought  down  by  the  river,  and  the  width  of  the  pass  of  559  feet, 
ecluded  the  adoption  of  a  tripping  bar ;  but  the  injuries  to  the  frames 

the  bridge  caused  by  the  accumulations  of  drift  and  floating  ice,  have 

2   A 
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led  to  the  employment  of  a  pusher,  worked  from  a  boat,  for  releasing  the 
props  of  this  weir.  The  shutters  of  the  eight  movable  weirs  on  the  Great 
Kanawha  River,  are  supported  by  rectangular  iron  frames  hinged  to  the 
apron,  in  which  the  lower  half  of  the  shutters  revolve,  in  place  of  trestles, 
and  are  worked  in  some  cases  by  trippmg  bars,  and  in  other  instances 
from  a  footbridge ;  and  these  weirs,  which,  like  the  weir  on  the  Ohio, 
have  to  be  frequently  opened  at  times  for  the  passage  of  sudden  floods, 
are  lowered  in  between  one  and  two  hours,  except  when  delayed  by  drift 
or  ice,  and  raised  again  in  4^  to  7  hours.  In  1895-6,  one  of  these  wciis 
was  raised  and  lowered  six  times  within  six  months. 

The  advantage  of  this  form  of  weir,  like  that  of  the  bear-trap,  is  that 
it  can  be  quickly  opened,  by  a  tripping  bar  or  pusher,  on  the  approach  of 
a  sudden  flood,  leaving  the  channel  quite  open  for  the  discharge  of  the 
flood-waters,  the  descent  of  drift  and  floating  ice,  and  the  passage  of 
vessels.  The  addition  of  a  footbridge  on  frames  to  the  shutter  weir,  for 
facilitating  its  regulation  and  working,  renders  the  shutter  weir  more 
complicated  and  costly  than  the  ordinary  frame  weir,  closed  by  needles, 
panels,  or  rolling-up  curtains  (compare  Figs.  207,  208,  and  209,  p.  348, 
with  Fig.  212,  p.  352);  prolongs  the  period  required  for  the  complete  opening 
of  the  channel ;  and  makes  the  shutter  weir  as  unsuitable  for  the  sudden 
passage  of  masses  of  drift  down  the  river,  as  the  ordinary  frame  weir. 

Remarks  on  Shatter  Weirs. — Other  forms  of  shutter  weirs  have 
been  used,^  especially  the  double  shutters,  closing  some  Indian  irrigatioo 
weirs,  in  which  the  main  shutters,  hinged  to  the  apron,  rise  with  the 
stream,  and  have  to  be  controlled  in  their  ascent  by  hydraulic  brakes ; 
but  the  two  forms  described  above  are  the  only  ones  at  all  in  common 
use,  at  the  present  time,  in  connection  with  the  canalization  of  rivers. 


3.  Drum   Weirs, 

The  drum  weir  is  composed  of  an  upper  and  an  under  wrought-iron 
paddle  making  a  quarter  of  a  revolution  round  a  central,  horizontal  axis 
laid  along  the  sill  of  the  weir  (Fig.  2 13).  The  straight,  upper  paddle  fonns 
the  weir  when  raised ;  and  the  slightly  larger  under  paddle,  which  is 
made  crooked  to  allow  of  the  admission  of  water  above  it  when 
horizontal,  revolves  in  the  quadrant  of  a  cylinder  constructed  below  the 
sill  of  the  weir,  constituting  the  drum,  and  closes  or  opens  the  weir  ac- 
cording to  the  adjustment  of  the  pressure  from  the  upper  p)ool  on  its  two 
faces,  by  means  of  see-saw  sluice-gates  regulating  the  connection,  through 
sluices  in  the  pier,  between  the  upper  and  lower  pools. and  the  upper  and 
lower  portions  of  the  drum.  The  control  of  the  drum  weir  is,  indeed,  so 
l)erfect,  that  the  upper  i)addle  can  be  lowered  and  maintained  at  any 
angle  between  the  vertical  and  the  horizontal,  for  regulating  the  discharge 
of  the  river,  and  raised  again  against  the  full  current  through  the  open 
weir,  into  any  desired  position. 

*  **  Rivers  and  Canals,"  2nd  edition,  1896,  vol.  i.  pp.  133-135  and  141,  and 
plate  4,  figs.  12,  13,  and  14 ;  and  Procetdings  Inst,  C.E.^  vol.  Ix.  pp.  33  and  44,  and 
plate  5. 
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1  Weirs  in  France. — The  shallow,  r^ulating  passes  of  the 
irs  on  the  River  Marne,  constructed  in  1867-69,  are  controlled 
jf  the  upper  paddles  of  dram  weirs,  3^  feet  high  and  4I  feet 
:h  can  be  completely  raised  or  lowered  in  3  or  4  minutes,  or 

any  angle,  by  a  man  on  the  bank  working  the  sluice-crates. 
ars  have    worked   per- 
thout  needing   repairs; 

system  has  not  been 
elsewhere  in  France, 
on  account  of  the  large 
ved  in  the  construction 
rum,  which  has  to  be 
Mper  below  the  sill  of 
han  the  actual  weir  rises 

I  Wein  In  German? 
e   of  the   cost   of  the 

:  merits  of  the  drum 
egulating  the  discharge 
r  and  rapidly  opening 
ig  a  pass,  have  led  to 
on    across  the   timber  »cal(   fob 

the  River  Main  weirs, 

navigable  pass  on  the  River  Spree  at  Chariot tenburg 
cial  channel  has  been  provided  at  tach  of  the  «e  rs  on  the 
Main  for  the  passage  of  rafts  of  t  n  ber  s  tuated  alon^jS  de  thi, 
le  opposite  side  of  the  river  to  the  lork  (F  f,  198  p  339)  actors 
am  end  of  which  a  drum  weir  has  been  placed,  closing  the  pass 
'  upper  paddle,  39^  feet  wide,  and  reaching  a  height,  when  raised, 
inches  above  the  sill.'  These  weirs  can  be  readily  lowered  to 
t  for  r^ulating  the  discharge  of  the  river,  and  thereby  obviate 
ity  for  the  displacement  of  any  of  the  needles  of  the  adjacent 
irs ;  and  the  passes  can  be  rapidly  opened  for  the  passage  of 
wn-stream,  and  closed  again  without  difficulty  against  the  full 
iter  through  the  pass. 

rgest  drum  weir  hitherto  constructed  closes  the  navigable  pass 
irlottenburg  weir  across  the  River  Spree  near  Berlin,  by  means 
upper  paddle,  33^  feet  wide,  with  its  top  95  feet  above  the  sill 
r,  when  raised ;  ^  whilst  the  drum  has  been  carried  down  about 
slow  the  sill,  and  is  enclosed  in  massive  masonry  resting  upon 
:  foundation  (Fig.  213)- 

L  Weir  in  the  United  States. — A  peculiar  form  of  drum 
;ing  constracted  on  tlie  Osage  River  near  its  confluence  with 
uri,  where,  instead  of  the  jraddles,  a  liollow,  wooden,  cylindrical 
ITened  inside  by  iron  stays,  forms  the  weir.     This  cylindrical 

irift/Sr  Bauwrten,  1888,  p.  19,  and  plalc  17  ;  am!  Proctldingt Inst.  C.F... 

.  191. 

rift  fiir  Bawpotn,  1886,  ji.  338,  and  pbtes  31  ami  31 ;  and  Protadings 
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sector,  turning  on  a  horizontal  axis,  is  raised  out  of  the  drum  by  the 
water-pressure  from  the  upper  pool,  on  its  under-side,  to  close  the  wdr, 
and  falls  again  into  the  drum  on  the  removal  of  the  pressure  for  tie 
opening  of  the  weir ;  but  a  triangular  space  is  left  between  the  under-side 
of  the  lowered  sector  and  the  vertical  side  of  the  quadrantal  drami 
through  which  the  pressure  from  the  water  of  the  upper  pool  can  be  ad- 
mitted for  closing  the  weir  again.^  Provision  has  also  been  made  fiff 
raising  the  sector  to  close  the  weir  when  the  difference  of  head  is  insitf' 
ficient,  by  forcing  air  into  the  lowered  sector  through  a  pipe,  so  as  to  rm 
it  by  rendering  it  buoyant.  The  crest  of  the  weir  when  ftilly  raised,  wi8 
be  7  feet  above  the  sill ;  and  the  radius  of  the  drum,  as  well  as  its  maxi- 
mum depth  below  the  sill,  is  9  feet  The  estimated  cost  of  this  weir  is 
only  about  j£^o  per  lineal  foot,  owing  to  its  being  mainly  constructed  of 
timber ;  whereas  the  cost  of  the  Charlottenburg  drum  weir  reached 
nearly  five  times  this  rate,  which  can  only  be  partially  attributed  to  about 
2^  feet  greater  height  of  weir,  and  the  costly  accessories  of  the  overhead 
bridge  and  its  supports,  quite  independent  of  the  weir. 

Remarks  on  Movable  Weirs. — ^The  value  of  movable  weirs  00 
rivers  consists,  not  merely  in  leaving  the  channel,  and  consequently  the 
discharge,  quite  unimpeded  in  flood-time,  but  also  in  enabling  vessels  to 
navigate  the  river  freely  during  the  high  stages  of  the  river,  and  especially 
during  floods  when  the  submergence  of  the  locks,  which  is  liable  to  occur 
on  Continental  and  American  rivers  during  the  flood  season,  would 
otherwise  put  a  stop  to  navigation. 

The  needle  weir  combines  the  advantages  of  cheapness  and  simplicity 
for  weirs  of  moderate  height ;  whilst  in  5ie  United  States,  the  employ- 
ment of  a  floating  derrick  has  enabled  the  system  to  be  extended  to 
greater  depths  of  water.  The  adoption,  moreover,  of  sliding  panels  or 
rolling-up  curtains,  makes  the  ordinary  frame  weir  available  up  to  the 
limit  of  height  and  weight  at  which  the  frames  cease  to  be  readily  raised ; 
whilst  the  use  of  suspended  frames  enlarges  the  scope  of  the  frame  weir, 
and  increases  its  security  and  ease  of  w^orking,  under  the  condition  of  the 
additional  cost  of  an  overhead  bridge  with  high  piers. 

The  simple  shutter  weir  can  be  rapidly  opened  across  passes  of 
moderate  width  by  means  of  a  tripping  bar,  lowering  the  shutters  in  suc- 
cessive grou])s,  or  somewhat  more  slowly  but  surely  by  aid  of  a  pusher 
from  a  boat ;  and  as  it  offers  no  obstructions  to  drift  and  floating  ice,  it  is 
a  convenient  form  of  weir  for  rivers  subject  to  frequent,  sudden  floods, 
and  bringing  down  large  masses  of  drift.  The  addition  of  a  footbridge, 
though  facilitating  the  regulation  of  the  discharge  and  the  raising  and 
lowering  of  the  shutters,  increases  considerably  the  cost,  prolongs  the 
time  required  for  fully  oj^ening  or  clo^g  the  weir,  and  oflfers  a  liability  to 
injury  from  the  accumulation  of  drift  against  the  frames  of  the  footbridge 
and  the  shocks  of  floating  ice. 

The  drum  weir  provides  a  jxirfect  movable  barrier  across  passes  which 
have  to  be  frequently  and  rapidly  opened  and  closed,  or  for  regulating 

'  **  Report  of  the  Chief  of  Engineers.  U.S.  Army,  for  the  year  1898,**  part  \i 
|).   3546,  and  plate ;  and   Transactions  of  the  American  Society  of  Civil  Kngimers^ 
vol.  xxxix.  p.  555. 
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discharge  of  a  river,  on  account  of  the  ease  with  which  it  is  worked, 
I  the  precision  with  which  its  movements  are  controlled.  The  sole 
ection  to  its  more  extended  use  is  its  cost,  owing  to  the  depth  to 
ch  the  drum  has  to  be  carried  below  the  sill  of  the  weir ;  though 
ler  the  special  conditions  of  the  Osage  River,  and  the  extensive 
)loyment  of  timber,  this  objection  appears  to  have  been  overcome  in 
drum  weir  across  that  river.  Moreover,  where  perfect  control  of  the 
sage  through  a  special,  narrow  pass  of  a  weir  is  of  primary  importance, 
at  the  timber  passes  on  the  Main,  and  the  navigable  pass  at 
irlottenburg,  the  remarkable  efficiency  of  the  drum  weir  in  this 
lect  may  render  its  cost  quite  a  secondary  consideration. 


CHAPTER  XXII. 

IMPROVEMENT  OF  RIVER   OUTLETS  OBSTRXTCTID 
BY  DRIFT,  AND  TIDELESS  DELTAIC  OUTLSTS. 

l'han>;od  condition  of  rivers  towards  their  outlet — Tideless  and  tidal  riven, 
ilitfercnccs  in  conditions— Improvement  of  Biver  Outlets  obetmotid 
by  Drift:  jetties  at  outlets  of  rivers,  diversion  of  outlet  fay  drift, 
instances,  fixed  and  deepened  by  jetties,  examples — ^Improveoieot  of 
Deltaio  Outlets  of  Tideless  Rivers :  formation  of  deltas,  origin  and 
|H)sition  of  bars  ;  conditions  affecting  advance  of  delta,  illustrated  by 
examples  ;  alluvium  in  proportion  to  discharge,  and  its  nature  in 
lieltaic  rivers;  operations  tried  at  deltaic  outlets  of  tideless  rivers,  failure 
of  harrowing  and  dredging  bars,  adoption  of  jetties  ;  embankment  of 
east  outlet  of  Rhone,  description,  effect,  reason  of  failure;  jetties  at 
Sulina  n\t>uth  of  Danube,  description,  effect  on  bar,  dred^ng ;  jetties 
at  South  l*ass  imtlet  of  Mississippi,  description,  lowenng  of  bar, 
liecreasin^f  ilepth  in  front  ;  remarks  on  jetty  system,  results  at  Sulina 
and  Si)ulh  Pass  compared. 

RivKKs  oil  ai)i)roaiiiing  the  sea  become  more  tmiform  in  their  flow, 
have  a  larger  discharge  on  account  of  the  influx  of  their  various  tribu- 
taiics  aiul  the  increase  in  their  drainage-area,  and  combine  a  smaller 
Tail  with  a  larger,  and  generally  a  deeper  channel,  than  in  the  upper 
lH)riions  i>f  their  course  ;  and  they  are,  consequently,  better  adapted  for 
navigation  than  liigher  up.  They  are,  however,  very  liable  to  flow 
through  a  shallow,  shifting  channel  on  expanding  into  a  wide  sandy 
estuary  before  reaching  the  seacoast,  and  to  be  seriously  obstructed  by  a 
bar  at  their  outlet.  The  increase  in  the  size  of  rivers  in  the  lower  part 
of  their  basin,  necessitates  a  corresponding  increase  in 'the  scale  of  the 
works  required  for  their  improvement;  but,  at  the  same  time,  their 
jiossible  ca|)abilities  for  serving  as  a  highway  for  large  vessels  are  con- 
siderably greater  if  |)roj)erly  developed,  and  if  natural  obstacles  are 
removeil  by  suitable  works. 

Tideless  and  Tidal  Rivers. — In  the  neighbourhood  of  their 
outlets,  rivers  must  bo  divided  into  two  quite  distinct  classes,  according 
as  the  sea  into  which  they  flow  is  tideless  or  tidal.  In  the  first  case,  the 
si/e  of  the  outlet  channel  of  a  river  is  proportionate  to  its  discharge; 
and  the  river  emerges  into  an  inert  mass  of  water  which  gradually 
arrests  the  outflowing  current.     Where,  however,  on  the  contrary,  the 
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is  tidal  at  the  mouth  of  a  river,  the  tide  flows  up  the  river  and  ebbs 
again,  for  a  distance  depending  upon  the  rise  of  tide,  the  flatness  of 

river-bed,  and  the  facility  of  influx,  and  generally  maintains  a 
(inel,  especially  near  the  outlet,  far  laxger  than  could  possibly  be 
ned  by  the  imaided  fresh-water  discharge  of  the  river.  Accordingly, 
rs  flowing  into  tideless  seas  are  only  suited,  under  favourable  con- 
>ns  or  after  improvements,  for  affording  access  to  large  vessels,  if 
f  drain  a  large  basin  and  have  a  fairly  good  discharge  at  their  lowest 
;e,  like  the  Danube,  the  Mississippi,  and  the  Amazon;  whereas 
rs  draining  quite  small  basins,  and  insignificant  in  size  above  their 
1  limit,  may,  in  consequence  of  a  good  tidal  rise  in  the  sea  at  their 
ith,  and  the  resulting  large  tidal  flow  and  ebb  in  their  channel,  be 
ssible  in  the  lower  part  of  their  tidal  portion  to  vessels  of  the  largest 
ight,  like  the  Thames,  the  Severn,  the  Mersey,  and  the  Humber. 
se  two  classes  of  rivers  are,  accordingly,  subject  to  entirely  different 
ditions,  necessitating  quite  distinct  methods  of  improvement,  with 

sole  exception  that,  in  certain  cases,  their  outlets  are  equally 
3sed  to  obstruction  by  the  littoral  drift,  brought  along  the  coast 
er  the  action  of  the  prevalent  winds  by  means  of  the  waves,  tending 
3rm  a  continuous  beach  across  the  mouth  of  the  river. 


»ROVEMENT  OF   RiVER   OUTLETS    OBSTRUCTED  BY   DRIFT. 

Jetties  at  the  Outlets  of  Rivers. — On  an  exposed  seacoast, 
re  there  is  a  considerable  drift  of  sand  or  shingle  along  the  shore^ 
Lccordance  with  the  direction  of  the  prevailing  winds,  the  outlet 
iinel  of  the  river  formed  by  its  discharge,  or,  on  a  tidal  coast,  by  the 
ibined  fresh-water  discharge  and  tidal  ebb,  is  more  or  less  obstructed 
he  travel  of  the  drift,  which  is  only  prevented  from  forming  a  con- 
ous  line  of  sloping  beach  by  the  action  of  the  outflowing  current 
ing  a  passage  for  itself  across  the  foreshore.  Where  the  issuing 
ent  is  feeble  and  the  drift  considerable,  the  river  is  liable  to  be 
ected  from  its  direct  outlet,  and  to  be  forced  to  flow  parallel  to  the 
re  in  the  direction  of  the  drift,  till  the  accumulation  of  its  waters  in 
d-time,  or  its  reaching  a  weak  spot  in  the  barrier  between  it  and  the 
enables  it  at  l^t  to  force  an  outlet  for  itself  across  the  beach.  Thus 
River  Yare  was  formerly  driven  4  miles  southwards  from  its  old  direct 
et  at  Yarmouth,  by  the  drift  of  sand  and  shingle  brought  along  from 
north  by  north-easterly  gales  (Fig.  214,  p.  360) ;  the  River  Adur  was 
ed  to  find  a  new  outlet,  in  the  eighteenth  century,  about  3  or  4  miles 
he  east  of  its  former  mouth  at  Old  Shoreham,  by  the  travel  of  shingle 
ilting  from  south-westerly  gales  ;  whilst  the  mouth  of  the  River  Adour, 
ng  into  the  stormy  Bay  of  Biscay,  was  in  old  times  shifted  as  much  as 
nUes  by  the  action  of  violent  storms  on  the  sand  and  shingle  forming 
beach.  In  all  these  instances,  the  shifting  outlets  were  finally  fixed  by 
lUel  timber  or  masonry  jetties,  leading  the  rivers  direct  into  the  sea  at 
most  convenient  available  sites  ;  whilst  the  jetties,  by  being  carried 
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across  the  beach,  direct  the  scour  of  the  issuing  current  so  as  to  maioUiD 
an  outlet  channel  leading  into  deep  water. 

The  outlet  also  of  the  River  Maas  has  been  greatly  improved  for 


RIVER  OUTLET  DIVERTED  BY  DRIFT. 
Fis.  214.— Riv«r  Yare. 
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igation  by  abandoning  the  natural,  winding,  shallow  outlet  channel, 
substituting  a  straight  cut  across  the  Hook  of  Holland ;  and  this 
r  direct  channel  is  led  across  the  beach  into  deep  water  between 
allel  jetties  constructed  of  fascine  mattresses  weighted  with  stone 
gs.  315,  216,  and  217).  In  all  the  above  instances,  the  fresh-water 
charge  of  the  river  is  reinforced  by  the  tidal  ebb  and  flow. 
Rivers  also  flowing  into  tideless  seas,  which  do  not  carry  down  much 
liment,  but  are  exposed  at  their  outlets  to  drift,  or  to  the  natural 
)aling  resulting  from  the  loss  of  scour  when  the  discharge,  being  no 
iger  guided  by  banks,  is  dispersed  in  flowing  across  the  beach,  can  be 
iterially  deepened  in  front  of  their  mouth,  out  to  deep  water,  by  con- 
itrating  the  scour  of  the  discharge  between  jetties  across  the  beach, 
lus  the  Riv^  Oder,  which  deposits  its  alluvium  in  some  lakes  before 
idling  the  sea,  has  had  its  navigable  outlet  at  Swinemiinde  deepened 
jetties,  aided  by  dredging ;  and  the  outlets  of  some  Russian  rivers 
wing  into  the  Baltic,  and  of  North  American  rivers  flowing  into  the 
^t  Lakes,  have  been  improved  by  similar  means.  The  scour,  and 
nsequently  the  depth  of  the  outlet  channel,  can  be  increased  in  these 
$es  by  making  the  width  between  the  jetties  somewhat  less  than  the 
ith  of  the  river  between  its  banks  above ;  but  such  a  contraction  is 
idmissible  in  the  case  of  tidal  rivers,  as  it  would  check  the  tidal  influx, 
d  therefore  reduce  the  volume  of  tidal  water  entering  and  leaving  the 
er. 


IPROVEMENT  OF  DELTAIC  OUTLETS   OF  TiDELESS   RiVERS. 

Rivers  which  bring  down  a  considerable  amount  of  sediment,  and 
w  into  tideless  seas,  form  deltas  at  their  outlets  by  the  deposit  of  this 
liment  when  their  current  is  arrested  on  entering  the  sea ;  and  this 
?osit,  by  obstructing  the  discharge,  and  reducing  the  fall  by 
gradual  progression  seawards,  causes  the  river  to  split  up  into 
Jlower  branch  channels,  spreading  out  like  a  fan  in  traversing  the 
ta,  through  which  the  water  finds  its  way  by  separate  outlets  to  the 
(Fig.  2 18,  p.  362).  The  water  flowing  through  each  of  these  diverging 
nnels,  carries  down  an  amount  of  alluvium  proportionate  to  its 
lime,  which  by  its  deposit  after  reaching  the  sea,  causes  a  corre- 
nding  advance  of  the  delta  in  front  of  the  outlet.  A  bar,  also,  or 
je,  stretches  across  the  channel  seawards  of  the  outlet,  where  the 
jf  deposit  of  the  heavy  alluvium  occurs,  over  which  the  depth  is  less 
1  higher  up  the  channel  or  further  out  at  sea  ;  and  the  depth  of  water 
the  bar,  accordingly,  determines  the  accessibility  of  the  channel  for 
Igation.  Moreover,  not  only  is  the  advance  of  the  delta  greater  sea- 
d^  of  the  channel  which  conveys  the  largest  discharge,  but  the  bar 
\  is  formed  further  out  beyond  the  outlet  of  this  channel,  owing  to 
arrest  of  the  more  powerful  current,  resulting  from  a  larger  discharge, 
ig  less  quickly  eff*ected  by  the  inert  mass  of  sea-water  into  which  it 
g,  than  that  of  the  smaller  discharges  through  the  minor  channels ; 
both  these  circumstances  have  an  important  bearing  on  the  selection 
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of  a  channel  to  have  the  depth  over  its  bar  increased  in  the  inteiesis  of 
navigation.  The  bars  in  front  of  the  outlets  travel  seawards  correspcod- 
ingly  to  the  delta,  owing  to  the  gradual  prolongation  of  the  banks  of 
the  outlet  channels  by  the  deposit. 

Conditions  affiaoting  the  Advance  of  a  Delta. — ^Tbe  nle  d 
advance  of  a  delta  depends  upon  the  proportion  of  sediment  bnngll 


down  by  a  river,  and  its  density ;  the  extent  of  coastline  over  which  ifac 
deposit  is  distributed ;  the  depth  of  the  sea  in  front  of  the  outlets ;  and  the 
existence  of  any  disturbing  cause  impeding  the  accumulation  of  deposit, 
such  as  a  littoral  current,  or  the  action  of  waves  along  the  shore,  undtJ 
the  influence  of  the  prevalent  winds.  A  large  volume  of  sediment  in 
relation  to  its  zone  of  distribution,  and  a  high  density  favouring  a  Bpid 
(le)xisii,  and  preventing  the  dispersion  of  the  material  which  occufs, 
under  the  action  of  winds  and  waves,  when  it  floats  for  some  time  in 
the  fresh  water  flowing  along  on  the  surface  of  the  sea-water,  necessarily 
iirornote  the  rapid  advance  of  a  delta.  A  shallow  sea  in  front  of  1 
delta,  like  the  Caspian  Sea  where  the  Volga  flows  in,  leaves  so  little 
space  available  for  the  accumulation  of  deposit,  that  the  progression  o( 
the  delta  of  a  river  bringing  down  a  considerable  volume  of  alluvium  is 
naturally  rapid  ;  whilst  a  deep  sea  at  the  outlet  of  a  deltaic  river,  sudi 
as  the  Gulf  of  Mexico  into  which  the  Mississippi  flows,  retards  tiw 
advance  of  the  delta,  which  is  further  checked  in  the  case  of  the 
Mississippi  by  a  littoral  current,  and  still  more  so  at  the  central  part  ot 
the  Danube  delta,  where,  in  addition  to  the  influence  of  a  southerly 
litlorai  current  or  the  light  matter  in  suspension,  erosion  from  wave- 
action  takes  place  along  a  portion  of  the  foreshore,  thereby  compensatii^ 
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to  a  considerable  extent  for  the  shaUowness  of  the  Black  Sea  in  front  of 
the  delta. 

iUlavinm  in  proportion  to  Discharge,  and  its  Nature  in 
Deltaic  Rivers. — ^The  proportion  the  alluvium  carried  down  bears  to  the 
discharge,  has  been  estimated  at  ^iVe  ^^^  ^^^  Rhone,  2^57  ^^^  ^^^  ^^^ 
sissippi,  Y^  ^^^  the  ^^^  Hiigli,  and  ^^?^  for  the  alluvium  carried  in 
suspension  in  the  Danube,  without  any  allowance  for  sediment  rolled 
along  its  bed.  The  aUuvium  consists  generally  of  sand,  clay,  and  silt, 
the  heavier  sand  rolled  along  the  bottom  coming  first  to  rest,  and  the 
lighter,  finer  particles  of  silt  being  carried  out  to  sea,  attaining  a 
maximum  distance  of  about  300  miles  from  the  shore  in  the  case  of  the 
Amazon ;  and  whereas  silt  is  found  in  deep  places  in  the  Hiigli  estuary, 
and  is  visible  in  large  quantities  in  a  finely-divided  state  in  suspension 
in  the  river,  and  clay  is  met  with  in  parts  of  the  channel,  the  bars  of  the 
Hiigli  below  Calcutta  are  almost  wholly  composed  of  pure  sand.* 

Operations  tried  at  the  Deltaic  Outlets  of  Tideless  Rivers. 
— Harrowing  and  dredging  the  bars  in  front  of  the  central  Sulina  branch 
of  the  Danube,  and  the  South-west  Pass  of  the  Mississippi,  were  the 
first  measures  tried  for  improving  the  navigable  depth  over  them.  The 
slackening  current,  however,  which,  on  entering  the  sea,  was  already 
dropping  the  materials  it  had  brought  down,  could  not  possibly  carry 
away  the  additional  volume  of  material  stirred  up  from  the  bar; 
and  dredging,  though  producing  a  slight  improvement  at  the  Sulina 
outlet,  and  increasing  the  depth  over  the  bar  of  the  South-west  Pass  of 
the  Mississippi  from  13  feet  up  to  18  feet,  did  not  produce  any  permanent 
amelioration,  as  the  deepened  channel  soon  shoaled  up  again  with  fresh 
deposit  when  the  dredging  was  suspended.  The  depth  also  at  the 
outlet  of  one  of  the  branches  of  the  Volga  delta,  which  has  been  in- 
creased from  4  feet  up  to  8  feet  by  dredging,  can  only  be  maintained  by 
regular  yearly  dredging  operations. 

The  system  subsequently  resorted  to  for  lowering  the  bar  at  the 
Sulina  mouth  of  the  Danube,  and  at  the  South  Pass  of  the  Mississippi, 
and  which  had  been  previously  attempted  on  a  somewhat  different  plan 
at  the  mouth  of  the  Rhone,  consists  of  an  artificial  prolongation  of  t he- 
banks  of  the  outlet  channel  by  means  of  solid  jetties  on  each  side, 
extended  out  from  the  shore  across  the  foreshore  to  the  bar,  so  as  to 
direct  and  concentrate  the  issuing  current  against  the  bar,  and  thus  scour 
a  deep  channel  through  it. 

Embankment  of  East  Outlet  of  Rhone. — The  most  direct, 
eastern  channel  of  the  Rhone  was  selected  for  improvement;  and  in 
1852-57  an  embankment  was  formed  along  each  side  of  this  channel, 
closing  the  three  southern  channels  branching  off  from  the  East  Channel, 
and  also  two  minor  northern  ones;  and  these  embankments  were 
extended  a  little  distance  seawards  of  its  outlet  to  within  about  half  a 
mile  of  the  bar,  thereby  concentrating  the  whole  of  the  discharge  of  the 
Rhone,  and  consequently  the  whole  also  of  the  alluvium  brought  down 
by  the  river,  into  a  single  outlet.     The  increased  discharge  thus  directed 

«  •*  Report  on  the  River  Hugli,"  L.  F.  Vernon-Harcourt,  Calcutta,  1897,  pp.  9-1 1. 
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into  the  East  Channel,  and  the  improved  scour  produced  by  the  moderate 
extension  of  the  banks  of  this  channel  towards  its  bar,  augmented 
temporarily  the  minimum  depth  of  the  outlet  channel  by  about  5  feet, 
and  drove  the  bar  further  out.  Owing,  however,  to  the  deposit  being 
confined  to  the  neighbourhood  of  a  single  outlet,  coupled  with  the 
unusual  density  of  a  large  proportion  of  the  sediment,  the  absence  of 
any  littoral  current  in  the  sheltered  bay  into  which  the  East  Qiannel 
discharges  with  its  outlet  facing  the  worst  wind,  and  the  shallowness  of 
the  sea  in  front  of  the  outlet,  the  deepening  by  scour  was  only  very 
temporary ;  and  the  bar  soon  formed  again  to  about  the  same  height  as 
before,  further  seawards,  in  a  more  exposed  situation  still  less  favourable 
for  navigation ;  whilst  the  advance  of  the  delta  in  front  of  the  outlet  has 
been  considerably  accelerated  by  the  concentration  of  the  discharge  of 
all  the  alluvium  at  a  single  mouth,  and  the  bar  has  progressed  about  a 
mile  seawards  since  the  closure  of  the  other  outlets. 

The  depth  over  the  bar  only  averages  about  63^  feet;  and  the 
St.  Louis  Canal  was,  accordingly,  constructed  in  1863-73,  branching  off 
from  the  Rhone  about  4  miles  above  its  outlet,  and  shut  off  from  the 
turbid  waters  of  the  river  by  a  lock  at  its  entrance,  with  the  object  of 
providing  the  traffic  on  the  river  with  deep-water  access  to  the 
Mediterranean  and  Marseilles,  which  the  ill-designed  embankments 
along  the  East  Channel  had  failed  to  secure.  The  adoption  of  the  East 
Channel  as  the  sole  outlet  for  the  Rhone  was  evidently  a  mistake,  for, 
with  the  exception  of  its  following  more  nearly  the  direction  of  the 
river  above  than  the  other  channels,  its  natural  conditions  were  decidedly 
inferior  to  those  of  the  southern  outlets ;  and  if  the  central,  southern 
Roustan  Channel  had  been  improved  by  jetties  at  its  mouth,  with  its 
superior  channel,  its  outlet  swept  by  the  Mediterranean  littoral  current 
flowing  westwards,  which,  aided  by  wave-action,  is  at  the  present  time 
eroding  the  southern  face  of  the  Rhone  delta,  and  the  good  depth  of 
the  sea  in  front  of  its  outlet,  and  if,  moreover,  the  other  outlets  had 
been  left  open  so  that  the  sediment  brought  down  by  the  river  might 
be  distributed  over  as  wide  an  area  of  the  sea-bottom  as  possible,  it  is 
fairly  certain,  judging  from  the  later  experience  of  the  results  of  similar 
works  at  the  Danube  and  Mississippi  outlets,  that  a  notably  deeper 
outlet  would  have  been  obtained  for  the  Rhone  across  the  Roustan  bar. 

Jetties  at  Sulina  Mouth  of  Danube. — The  central,  Sulina 
mouth  of  the  Danube  was  selected  in  1858  for  improvement  by  jetties, 
carried  out  from  the  shore  on  each  side  of  the  outlet  to  the  bar,  on 
account  of  the  distance  of  its  bar  from  the  shore  being  only  half  that 
of  the  bar  of  the  St.  George's  mouths  to  the  south,  and  the  advance  of 
the  delta  at  Sulina  about  one-fourth  the  rate  of  its  advance  at  the 
Kilia  mouths  to  the  north,  owing  to  the  discharge  of  the  St.  George's 
branch  being  four  times  that  of  the  Sulina  branch,  and  of  the  Kilia 
branch  about  eight  times,  with  shallow  water  in  front  of  its  mouths. 
The  works,  consequently,  required  at  the  Sulina  mouth  were  much  less 
than  those  which  would  have  been  needed  at  the  St.  George's  mouths, 
and  had  much  better  prospects  of  success  and  permanency  than  would 
have  been  possible  at  the  Kilia  mouths ;  whilst  at  the  time  the  works 
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vere  decided  upon,  the  Suliiia  mouth  was  the  only  navigable  outlet,  with 
9  feet  over  its  bar.'     The  jetties,  constructed  in  1858-61,  of  rubble 
stone  and  {nlework,  were  carried  out  beyond  the  crest  of  the  bar  into 
a  depth  of  18  feel,  and    were  consolidated    with  concrete  block: 
1866-71. 

These  jetties,  600  feet  apart  at  their  extremities,  and  extending  out. 
nearly  seven-eighths  of  a  mile  from  the  shore,  by  concentrating  the  scour. 
of  the  issuing  current,  gradually  increased  the  depth  over  the  bar  up  to; 
30^  feet  in  1873,  which  depth  was  subsequently  maintained,  as  the 
comparatively  light  alluvium  brought  down  by  the  river  has  been  carried 
into  deeper  water,  and  driven  somewhat  to  the  south  by  the  littoral 
current  from  the  north.  Deposit,  accordingly,  has  occurred  seawards 
of  the  former  site  of  the  bar,  and  to  the  soutli,  causing  an  advance  of 
the  4-  and  5'fathom  lines  of  soundings  in  front  of,  and  to  tbe  south  of 
the  channel ;  and  a  progression  of  the  southern  shoreline  has  taken 
place  under  the  shelter  of  the  jetties.  The  deep  channel  was,  con- 
sequently, being  deflected  towards  the  north  by  the  southerly  deposits, 
and  a  bar  showed  signs  of  forming  again  seawards  of  its  old  site,  when 
dredging  was  commenced  in  1894  to  straighten  the  channel  beyond  the 
jetties  and  improve  its  depth  ;  and  by  this  means,  a  more  direct  channel 
hfts  been  obtained  between  the  outlet  and  deep  water,  with  an  available 
depth  of  24  feet,  which,  however,  is  liable  to  be  reduced,  in  spite  of  the 
dredging,  during  years  when  high  Hoods  of  the  river  bring  down  large 
quantities  of  alluvium.  The  dredgii^,  therefore,  is  deferring  the  period 
when  the  general  advance  of  the  delta,  by  deposit  in  front  of  the  Sutina 
mouth,  will  eventually  necessitate  a  prolongation  of  the  jetties  to  scour 
away  ^ain  a  fresh  bar  fonning  further  out. 

Jetties  at  South  Prbs  Outlet  of  MlsslBsippi— The  outlet  of 
the  South  Pass  of  tbe  Mississippi  was  selected  for  deepening  by  parallel 
jetties  carried  out  to  the  bar,  in  spite  of  the  South-west  Pass  possessing 
a  deeper  outlet  and  a  better  navigable  channel  through  the  delta,  on 
account  of  the  bar  of  the  South  Pass  being  less  than  half  the  distance 
out  from  the  shoreline  that  the  bar  of  the  South-west  Pass  was,  by 
reason  of  the  dischaige  through  the  South  Pass  being  only  one-tenth  of 
the  whole,  as  compared  with  one-third  through  the  South-west  Pass, 
and  owing  to  the  advance  of  the  delta  being  roo  feet  annually  in  front 
of  the  South  Pass,  in  place  of  the  300  feet  yearly  progression  in  front  of 
the  South-west  Pass  (Fig.  118,  p,  362).  The  two  jetties  constructed  of 
willow  mattreasea  weighted  with  limestone,  and  protected  willi  large  con- 
crete blocks  at  their  exposed  outer  ends  (Fig.  Jig,  p,  366),  were  carried 
to  the  same  distance  out,  t\  and  1^  miles  in  length,  on  the  east  and  west 
sides  of  the  channel  respectively,  right  across  the  bar  into  a  depth  of  30  feet, 
in  1876-1879  (Fig.  130,  p,  366),  These  jetties,  placed  about  tooo  feet 
apart,  wen:  curved  a  little  southwards  towards  their  extremities,  so  that 
the  alluvium  discharged  might  be  brought  directly  under  the  influence 
e  littoral  airrenl  flowing  Trom  east  to  west  across  the  outlet :  and 
~  Kcntrated  current  directed  by  the  jetties  rapidly  scoured 
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PrscttdiHgi  /nit.  C.E.,  vol.  xxi.  p.  38$,  uid  plato  5-9. 
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the  bar,  so  that  the  depth  at  the  outlet  was  increased  from  8  feet  up  to  1 
minimum  central  depth  of  31  feet  by  1880  (Fig.  221).'  To  mainiaiii 
the  required  central  depth  of  30  feet,  and  a6  feet  for  a  minimum  width 
of  200  feet,  in  the  jetty  channel,  it  has  proved  necessary  to  narrow  die 
channel  to  about  660  feet  by  an  inner  jetty  on  each  side,  and  to  resort 
occasionally  to  dredging.  Moreover,  though  a  channel  with  a  minimmn 
depth  of  30  feet  has  hitherto  been  maintained  outside  the  jetties  by  tbe 
increased  scour,  the  channel  has  been  deflected  eastwards  by  the 
encroachment  of  the  deposit  taking  place  on  the  western  side,  towanb 
which  the  alluvium  is  driven  by  the  littoral  current ;  and  dredging  has 
been  undertaken  at  times  for  straightening  the  outlet  channel. 

The  works,  indeed,  have  been  eminendy  successful  in  scouring  aw)f 
the  bar  ;  but  as  within  a  fan-shaped  area  of  t\  square  miles  in  front  irf 


[lie  outlet,  surveyed  eacli  year,  the  average  decrease  in  depth  betw«" 
1876  and  1899  has  amounted  to  17I  feet,  a  maximum  annual  advance  of 
loftfcL't  isocc«rringatthe7o-fei:t  line,  and  is  even  97  feet  at  the  ioo-fe«' 
line  IjL-yond  the  fan-shajied  area,"  and  a  bar  is  evidently  in  course  of 
formation  Ijt-yond  the  site  of  the  old  bar  (Fig.  221),  an  extension  of  ib^ 
jetties  will  clearly  be  needed  before  long  to  enable  the  scour  to  cop* 
with  the  advancing  delta,  and  maintain  the  required  depth  in  the  outlet 
channel. 

Remarks  on  the  Jetty  Syatem  at  Tideless  Deltaic 
Outlets. — The  value  of  the  sj'stem  of  scouring  away  the  bar  at  one  of 
the  deltaic  outlets  of  a  tideless  river,  by  prolonging  the  channel,  and, 

'  "  A  Hisloiy  of  the  Jetties  at  the  MoHth  of  the  Mississippi  River,"  E,  L.  Ccirthell. 
]).94,«nJ  plate  11,  and  p.  20Z,  and  plate  17  ;  and  "  Report  of  iheChief  of  Engineeis, 
U.S.  Army,  for  the  year  1880,"  part  ii.  p.  1113,  and  charts  3-5. 

'  "  Report  of  Ihe  Chief  of  Engineers,  U.^.  Army,  f»r  the  year  1900,"  part  iii. 
p.  2337,  and  chart!  I  and  2. 
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equendy,  the  cancaK  cos  aE3t  :^  2si  los   leex  prTvsc  rj  Ckc^ 
ukable  sooceas  vladi  Ins  JcarB-'Vf^  ±k£se  vicks  ae  ±e  SnrinT^i 


the  Soodi  RoL    Ths  ianrrm.  ^s«re-i%!I.  irnac  le  zor^y  £zi:biCH£ 
be  eyjstrnrf  of  astzong  EeBooH  coztesc  sveecn:^ 
1  these  cases,  and  pteiguLu^  3aap*ac 


ig  deposited  in  front  of  oeooDg:  aac  x  s^Jsoooe  n  rre  iTgrcness 
be  aJhminn  biomglbi  dove  br  se  DmrTe  iKi5cs=ric  rs  cacTsrizaDr 
leep  water  bj  the  oonoeaoased  czztcc.  iztt  ±s  dzscesal  rj  2^cr&I 
t,  and  to  the  depdi  of  ibe  sea  aa  snsec  cc  =x  Socxr  F:us  rrrx>r^ 
aige  space  in  vhkh  die  beaws-  srr^TiyT"  ct  r^  ^Iiscssltcc  can 
nmnlatefor  a  conqdnabfe  penod,  be^oR:  Sfajirg  rp  s3^cac::iJT  bigib 
the  sea-bottom  to  imeifae  vida  ae  sar^^-k  oerc:  c<e  ihe  oci>£ 
nneL  The  lighfimK.  indwd,  of  ihe  anLiju:  appears  lo  rie  as 
lortant  a  £u:tor,  when  sobjected  10  the  jnc^nmoes  oc  :be  cocx«:aa:ed 
[  littoral  conents,  as  a  good  depda  in  froesx  of  trie  omjet :  for  d^ 
dler  depth  in  the  Snlina  oodet  chanari  tsxk  been  iraim-iinwi  fee  a 
g;er  period  nniinpaifed,  and  ohibig  a  pnispect  of  greater  p^emurxnog 
he  ^tnre,  tban  die  deeper  fhannri  at  the  Soish  Pass  ocn^et.  Tbe 
x>rtance  also  of  ykvting  a  suitable  ontjet  exposed  to  a  lin<Mal 
rent,  and  with  a  good  depth  in  front  where  the  sediment  is  heavy,  of 
rying  die  jetdes  right  across  the  bar  as  quicklT  as  piacdcable,  aixi  of 
nng  the  odier  outlets  open,  so  as  not  to  neutralize  tbe  enect  of  the 
rks  by  accelerating  the  adinuioe  of  the  delta  at  the  navigable  oodet, 
i  been  manifested  by  the  fiuhire  of  the  works  at  tbe  mouifa  of  tbe 
one,  which  resulted  from  the  neglect  of  these  proTisions. 
Owing  to  the  inevitable  advance  of  the  delta  at  tbe  improved  outlet, 
:  jetty  system  cannot  be  regarded  as  a  pennanent  mediod  of  impxx>ve- 
^nt;  for  after  the  lapse  of  a  certain  period,  depending  on  the 
nditions  of  the  site,  the  jetties  must  need  to  be  extended  in  pn^portion 
the  progression  of  the  delta,  in  order  to  concentrate  the  issuin^: 
rrent  again  over  the  bar  in  process  of  formation  further  out. 


CHAPTER   XXIII. 

THE  IMPROVEMENT  OF  TIDAL  RIVERS  AND 

ESTUARIES. 

Considerable  differences  in  conditions — Tidal  flow  in  a  river,  value,  tidll- 
lines,  indications  of  borcy  cause  of  bore^  and  examples — Removal  of 
obstacles  to  the  tidal  influx,  beneficial  effects — Dredging  for  improrng 
tidal  rivers,  value,  results  in  Clyde  and  Tyne,  on  Mersey  bar — RegulatioB 
and  training  of  tidal  rivers,  influence  of  sharp  bends  on  tidal  currents 
and  channel,  examples  in  River  Hiigli,  method  of  improvement  of 
channel ;  regulation  works  on  Maas,  Nervion,  and  Weser,  general 
results,  increase  in  width  seawards,  rate  of  enlargement — Protection  of 
outlet  by  breakwaters,  examples,  advantages — Training  tidal  rivefs 
through  sandy  estuaries,  instances  of  estuaries,  conditions  for  improving 
channel  by  dredging  alone  ;  nature  and  object  of  training  walk, 
important  effects  of  training  walls  in  the  estuaries  of  the  Seine  and  the 
Tees,  training  works  in  Weser  estuary,  construction  of  these  training 
walls,  value  of  system,  improvement  limited  to  trained  channel,  import- 
ance of  due  enlargement  of  channel  seawards,  instances  of  neglect  of  this 
provision — Accretion  in  estuaries  due  to  training  works,  causes,  in  Seine 
estuar)',  increase  of  sandbanks  at  outlet,  instances,  cases  of  stoppage  of 
training  woijcs  on  account  of  the  resulting  accretion — Remarks  on  training 
works  through  sandy  estuaries,  advantages,  conditions,  and  limitations. 

TiDAi.  rivers  exhibit  a  greater  variety  in  their  conditions,  and  involve 
more  complicated  problems  for  their  improvement,  than  tideless  rivcis, 
owing  to  differences  in  the  tidal  rise  at  their  mouth,  the  different 
distances  to  which  the  tidal  influence  extends  up  rivers,  the  differences 
in  the  proportions  of  the  tidal  flow^  to  the  freshwater  discharge,  and  in 
their  consequent  relative  influences,  the  twofold  origin  of  the  alluvium 
found  in  tidal  rivers,  and  the  considerable  variety  exhibited  in  the  forms 
of  the  estuaries  and  outlets  of  tidal  rivers.  In  these  rivers,  the  tidal  ebb 
and  flow  combine  with  the  freshwater  discharge  in  maintaining  the  ootkt 
channel,  and  also  in  a  gradually  diminishing  amount  up  the  river  as  far 
as  the  tidal  limit,  above  which  the  channel  depends  solely  on  the  fre^ 
water  discharge  ;  and  therefore  a  tidal  river,  to  be  in  a  good  conditioo, 
should  gradually  increase  in  width,  and  also  in  depth  at  high  tide,  from 
its  tidal  limit  down  to  its  outlet  in  the  sea.  Whilst,  however,  the  fresh- 
water discharge,  though  varying  according  to  the  seasons  of  die  year, 
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dependent  upon  definite  physical  conditions,  and  therefore  cannot  be 
iterially  increased  or  diminished,  but  must  find  its  way  to  the  sea  along 
5  river,  the  tidal  influx  is  wholly  dependent  upon  the  facilities  offered 

its  progress  up  a  river,  and  the  space  available  for  receiving  it,  and 
n  be  greatly  modified  by  the  removal  of  obstructions  to  its  progress, 

by  placing  artificial  barriers  in  its  path,  or  by  the  spaces  at  the  sides 

an  estuar)-  into  which  it  flows,  on  passing  up  a  river,  being  gradually 
led  up  by  accretion. 

Tidal  Plow  in  a  River. — ^The  flood  tide  sometimes  comes  into 
river  charged  with  material  collected  from  the  erosion  of  the  neigh- 
ouring  coast,  or  from  outlying  sandbanks,  and  put  into  suspension  by 
le  inflowing  current  aided  by  the  waves  during  storms;  and,  con- 
jquently,  proposals  have  occasionally  been  made  to  exclude  this 
diment-bearing  tidal  water,  in  order  to  prevent  accretion  in  the  river, 
he  loss  or  reduction,  however,  of  the  tidal  ebb  and  flow  in  a  river, 
\  the  erection  of  a  barrier  across  the  channel,  provided  with  sluice- 
ites  for  the  discharge  of  the  inland  waters,  has  invariably  led  to  the 
iterioration  of  the  outlet  channel  below  by  accretion  \  whilst  in  a  tidal 
/er  with  a  well-shaped  channel  gradually  enlarging  in  cross  section 
3m  its  tidal  limit  to  its  outlet,  the  alluvium  brought  in  by  the  flood 
le  is  carried  out  again  by  the  ebb,  whose  somewhat  feebler  flow  is 
tmpensated  for  by  being  reinforced  by  the  fresh-water  discharge, 
pecially  during  floods.  Accordingly,  the  benefits  gained  by  a  river 
>m  the  tidal  flow  and  ebb  providing  a  much  greater  volume  of 
iter,  particularly  during  the  dry  season,  and  maintaining  a  con- 
lerably  larger  channel,  especially  towards  the  outlet,  than  the  fresh- 
iter  discharge  could  secure,  far  outweigh  the  disadvantages  which 
ight  possibly  result,  under  unfavourable  conditions,  from  the  deposit 

some  of  the  alluvium  brought  in  by  the  flood  tide.  Moreover,  the 
luvium  brought  down  by  a  tidal  river  from  inland  does  not  mainly 
^posit  in  front  of  its  mouth,  but  is  carried  up  and  down  by  the  tidal 
irrents  and  dispersed  over  a  wide  area  in  the  sea ;  so  that  rivers  with 
very  large  discharge  in  the  flood  season,  heavily  charged  with  silt, 
>wing  into  tidal  seas,  though  gradually  forming  deltas,  of  which  the 
anges  is  an  instance,  with  a  tidal  rise  at  its  outlets  in  the  Bay  of 
en^  of  9i  to  11  feet  at  springs,  are  less  obstructed  by  bars  at  the 
itlet  of  flieir  navigable  channel,  even  at  low  water,  than  tideless 
vers,  and  have  the  advantage  of  the  additional  depth  furnished  by  the 
jal  rise. 

The  actual  progression  of  the  tide  up  and  down  a  river  is  indicated 
^  taking  a  series  of  simultaneous  observations  of  the  heights  of  the 
ver  at  definite  times  during  a  single  tide,  at  selected  stations  along  the 
dal  portion,  from  which  a  series  of  simultaneous  tidal  lines  can  be 
rawn,  to  a  very  distorted  scale,  representing  approximately  the  level 
'  the  river  at  the  several  times  of  observation  during  the  flood  and  ebb 
iroughout  the  tidal  portion,  as  illustrated  in  the  case  of  a  high  spring 
Je  in  the  River  Hiigli,  during  the  dry  season,  in  Fig.  222.  These 
les,  with  a  chart  of  the  river,  enable  the  volume  of  the  tidal  influx  to 
s  calcolated;  and  the  form  assumed  by  these  lines  in  their  progress  up 
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a  river,  indicates  the  localities  where  the  unfavourable  condition  of  the 
channel  impedes  the  upward  flow  of  the  tide.  Thus  the  steep  fonn  of  the 
head  of  the  tidal  influx  into  the  River  Hugli,  exhibited  by  the  diagram 
(Fig.  33  2),  commencing  near  the  outlet,  becoming  clearly  marked  al  Buj- 
Buj,  and  reaching  a  maximum  between  Konnagar  and  Chinsurah,  prot^ 
that  the  channel  presents  obstructions  to  the  advance  of  the  flood  tide, 
and  the  existence  of  a  bore,  a  well-known  phenomenon  which  appeals  on 


certain  rivurs  having  obstructed  channels,  with  the  tirst  flood  of  higb 
tides,  intensified  by  wind,  as  a  sort  of  crested  wall  of  water  or  breaking 
wave  traveling  rapidly  up  the  river,  reversing  instantaneously  the  ebbing 
current,  and  producing  a  sudden  rise  in  the  level  of  the  river.  The 
Severn,  the  Seine,  the  'I'sien-Tang  Kiang,  and  the  Amazon,  as  well  as 
the  Hiigli,  are  instances  of  rivers  on  which  a  bore  has  been  observed, 
reaching  heights  uf  froJU  6  to  1 5  feet ;  and  the  bore  is  due  to  the  retarda- 
tion of  the  flood  tide,  till  it  has  gained  a  sufficient  head  to  overcome  tserj 
obstacle  to  its  upward  progress  with  a  rapid  rush. 

Removal  of  Obstacles  to  the  Tidal  Influx  up  n  River.— 
Since  tidal  flow  in  a  river  is  almost  wholly  beneflcial,  one  method  of 
improvement  of  a  tidal  river  consists  in  removing  obstacles,  as  fai  as 
possible,  to  the  progress  of  the  flood  tide,  thereby  increasing  the  volume 
of  water  entering  and  leaving  the  river  every  tide,  prolonging  the  tidil 
IKtrtiun  inland,  and  reducing  the  duration  of  slack  tide  to  a  minimum, 
during  which  period  deposit  mainly  occurs.  Thus  hard  shoals  obstnicting 
the  channel,  and  unaffected  by  scour,  should  be  removed,  old  bridges 
with  wide  piers  and  narrow  o|x.-nings  should  be  rebuilt  with  enlarged 
waterways,  and  all  other  obstacles  to  the  progress  of  the  flood  tide 
should  be  taken  away ;  whilst  any  dec|)ening  of  the  channel,  by  fadli- 
tating  the  tidal  influx,  increases  the  tidal  scour,  and,  consequently,  tbe 
depth  over  any  soft  shoals  below,  and  at  the  outlet.  No  tidal  livet, 
having  a  fair  length,  is  completely  filled  by  the  tidal  water  to  the  full 
extent  of  its  tidal  capacity,  for  the  tide  begins  to  fall  at  the  nuwlb 


VALUE  OF  DREDGING  IN  TIDAL  RIVERS.         37 1 

lefore  high  water  has  been  reached  at  the  upper  part  of  the  tidal  portion, 
LS  clearly  indicated  by  the  tidal  diagram  of  the  Hilgli  (Fig.  222) ;  but 
jvery  improvement  of  the  channel  augments  the  proportion  of  the  filling, 
uid  also  increases  the  tidal  capacity  by  faciliating  the  efflux,  as  manifested 
i)y  the  lowering  of  the  low-water  line. 

Dredging  for  improving  Tidal  Rivers. — Dredging  fiumishes  a 
simple  method  of  increasing  the  navigable  depth  of  a  tidal  river,  which 
has  been  increasingly  resorted  to,  and  the  scope  of  which  has  been 
enlarged  by  the  great  modem  improvements  effected  in  dredging 
machinery.  The  extent,  indeed,  to  which  dredging  can  be  carried 
is  only  limited  by  its  cost,  and  the  increasing  difficulty  of  maintaining 
a  channel  which  has  been  thus  artificially  deepened  far  beyond  the  limit 
of  the  scouring  power  of  the  currents  to  preserve.  Dredging  is  much 
more  effective  in  small  tidal  rivers,  such  as  the  Clyde  and  the  Tyne, 
with  a  comparatively  small,  well-defined  channel,  than  in  large  tidal 
rivers  and  estuaries,  where  the  large  quantities  of  alluvium  brought 
down  in  flood-time  are  very  liable  to  deposit,  as  the  floods  abate,  in  the 
deepened  channel  with  its  proportionately  enfeebled  scouring  currents ; 
and  the  shifting  of  the  channel  in  an  unstable  bed,  owing  to  seasonal 
changes  in  the  flow,  or  the  fretting  action  of  the  currents  in  a  sandy 
estuary,  imperils  the  maintenance  of  the  depth  obtained. 

Dredging  operations  on  a  large  scale  have  been  most  successfully 
applied  to  the  improvement  of  the  navigable  condition  of  the  small 
channels  of  the  Clyde  and  the  Tyne,  where  the  channels  leading  from 
the  Firth  of  Clyde  to  Glasgow,  and  from  the  sea  to  Newcastle,  1 9  miles 
and  loj  miles  long  respectively,  which  were  formerly  dry  in  places 
at  low  water,  have  been  given  an  available  depth  throughout  of  about 
20  feet  below  a  lowered  low  water,  thereby  converting  Glasgow  and 
Newcastle  into  flourishing  seaports,  accessible  to  vessels  of  the  largest 
draught.^  Moreover,  this  deepening  has  materially  improved  the  tidal 
condition  of  these  rivers,  as  evidenced  by  the  lowering  of  the  low-water 
line  8^  feet  at  Glasgow  and  3  feet  at  Newcastle,  and  the  acceleration 
of  the  times  of  high  water  at  these  places  after  high  tide  at  the  mouths 
of  the  rivers,  being  only  one  hour  instead  of  two  hours  later  at  Glasgow, 
and  12  minutes  in  place  of  63  minutes  at  Newcastle.  Accordingly,  the 
dredging  of  these  rivers  has  not  merely  provided  a  deep  channel,  but 
has  ^o  increased  their  tidal  capacity  and  the  volume  of  water  entering 
and  leaving  the  rivers  at  each  tide,  and,  consequently,  the  tidal  scour 
available  for  maintaining  their  channels.  The  dredging,  however,  in 
both  instances  has  been  carried  far  beyond  the  depth  which  the  im- 
proved scour  could  maintain,  so  that  dredging  will  always  be  required 
For  removing  the  alluvium  brought  dowTi  by  the  rivers,  which  must 
ieposit  in  the  enlarged  channel,  and  amounts  to  a  considerable  quantity 
n  the  case  of  the  Clyde,  which  receives  the  sewage  of  Glasgow.  The 
enlargement  of  the  channels  of  these  rivers  has  had  the  further  inci- 
lentai  advantage  of  stopping  the  inundations  of  the  low-lying  lands 

•  '*  Riven  and  Canals,"  2nd  edition,    1896,    L.   F.  Vcrnon-Harcourt,  vol.  i. 
p.  ^53  uid  260,  and  plate  8,  figs.  2  and  8. 
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bordering  their  tidal  portions,  owing  to  the  lowering  of  the  flood-level 
of  the  rivers  by  the  ample  waterway  provided  for  the  dischaige  of  the 
fresh  waters. 

Though  dredging,  unaided  by  training  works,  could  not  be  expected 
to  produce  the  same  improvement  in  depth,  as  achieved  in  the  Clyde 
and  the  Tyne,  in  wide  sandy  estuaries  with  very  shifting  channels,  such 
as  the  Seine  and  the  Ribble,  or  in  large  rivers  bringing  down  vast 
quantities  of  alluvium,  and  changing  their  channels  in  places  with  the 
dry  and  rainy  seasons,  as  in  the  River  Hdgli  above  its  estuary,  yet  it 
has  been  extended  to  deepening  the  outlet  channels  of  river  ports,  of 
which  a  notable  example  is  furnished  by  the  deepening  of  the  Mersey 
bar  in  Liverpool  Bay.  This  sandy  bar,  about  ii  miles  beyond  the 
actual  outlet  of  the  river  at  New  Brighton,  which  is  due  to  the  heaping- 
up  action  of  the  sea  tending  to  form  a  continuous  beach  in  front  of  the 
mouth  of  the  Mersey,  a  result  which  is  only  prevented  by  the  influx  and 
efflux  of  the  tide  into  and  out  of  the  Mersey  estuaries  below  and  above 
Liverpool,  reduced  the  navigable  channel  over  the  lowest  part  of  its 
crest  to  about  1 1  feet  below  the  lowest  low  water,  thereby  barring  access 
to  Liverpool,  for  some  time  before  and  after  low  water  of  the  lowest 
tides,  for  vessels  of  large  draught  which  had  crossed  the  Atlantic  at  a 
high  speed.  Since  1890,  however,  the  navigable  channel  across  the  bar 
has  been  gradually  deepened  by  suction  dredgers,  one  of  the  most 
powerful  of  which,  specially  constructed  for  the  purpose,  is  shown  in  Fig. 
10,  p.  47,  so  that  now  there  is  a  depth  of  about  28  feet  at  the  lowest 
low  water,  enabling  vessels  of  the  largest  draught  to  enter  and  leave  the 
Mersey  at  any  state  of  the  tide.  The  unimproved  channel  across  the 
Mersey  bar  was  fairly  stable,  only  shifting  its  position  very  slowly; 
and  the  effect  of  its  deepening,  in  drawing  a  larger  tidal  influx  and 
efflux  through  it  as  the  channel  of  least  resistance,  should  increase  its 
stability. 

Regulation  and  Training  of  Tidal  Rivers. — A  consideiable 
improvement  may  often  be  effected  in  the  depth  and  navigability  of  * 
tidal  river  by  regulating  its  channel,  so  as  to  ease  sharp  bends,  and  do 
away  with  abrupt  variations  in  width,  and  consequent  irregularities  in 
depth.  Sharp  bends  in  tidal  rivers,  as  in  non-tidal  rivers,  are  not 
only  inconvenient  for  navigation,  especially  in  the  case  of  large  vessels, 
but  also  tend  to  become  worse  by  the  continued  erosion  of  the  concave 
bank,  and  check  the  tidal  influx ;  and  the  navigable  channel  in  a  wide 
reach,  besides  being  shallow,  is  liable  to  shift  its  position  according  to 
the  alternate  predominance  of  the  fresh-water  discharge  in  flood-time, 
and  of  the  flood  tide  in  the  dry  season.  Changes  also  in  the  velodlies 
of  the  currents,  due  to  irregularities  in  the  channel,  favour  deposit  and 
the  formation  of  bars  in  the  wide  parts  of  a  river  when  the  water  is 
(barged  with  alluvium. 

Sliarp  bends  possess  the  special  disadvantage  in  a  tidal  river  (rf 
producing  a  marked  conflict  in  the  action  of  the  descending  current  of  the 
ebb  tide  and  freshets,  and  the  ascending  current  of  the  flood  tide,  whid^ 
flowing  in  opposite  directions,  tend  to  form  channels  along  opposite 
banks  between  the  bends.    The  descending  current  follows  the  ordinarj 


coune  of  flow  of  ihe  current  in  a  non-tidal  river,  keeping  close  to  the 
concave  bank  at  a  bend,  and  eventually  crossing  over  to  the  ntxt  bend 
after  the  change  of  curvature  of  the  bank  it  has  followed,  and  genemlly 
constitutes  the  navigable  channel ;  whereas  the  flood  tide  assumes  a 
more  direct  course,  and  after  passing  round  along  the  concave  bank  in 
a  bend,  only  crosses  over  to  the  opposite  concave  bank,  in  the  next 
bend  above,  after  having  cut  a  blind  channel  into  the  shoal  projecting 
from  the  conves  I'ank  of  the  same  bend.  The  channels  thus  fomied 
along  opposite  banks,  with  an  intervening  shoal,  are  clearly  indicated 
in  the  charts  of  the  two  worst  places  in  the  River  Hiigli  between 
Calcutta  and  its  estuary  (Fig.  223  and  214).  where  thf  main  ebb-tii' 


1 


current  at  the  Moyapur  crossing  (Fig.  213),  keeps  alongside  the  right 
bank  (looking  downstream)  from  the  concave  bank  at  Ulabaria  nearly 
down  10  Hiragunj  Point,  passing  over  opposite  this  Point  to  the  left 
bank ;  whilst  the  main  flood-tide  current,  coming  up  along  the  right 
bank,  and  cutting  into  the  shoal  projecting  from  the  convex  shore, 
passes  over  to  the  left  bank  a  little  below  the  Point,  and  hugging  this 
bank  up  to  above  the  Moyapur  Magazine,  eventually,  after  cutting  into 
the  Achipur  shoa!,  crosses  the  river  to  the  concave  right  bank  at  the 
upper  bend.'     In  the  James  and  Mary  Reach  (Fig.  324),  the  main  cbb- 

'  "  Rrpoil  nn  the  River  ■Hiieli.'*  L.  F-  V>tn.>n-HE.rcniiri,  Ctiktilia.  1897.  pp.  4I, 
il  55,  and  piala  f>  and  7. 


374      ^^^^  ^^  RIVER  HUGLI,  AND    THEIR  REMOVAL, 

tide  current  follows  the  left  bank  from  Fulta  Point  to  Nurpur  P(HDt, 
where,  being  deflected,  it  passes  in  a  widening  and  shoaling  cfaannel 
across  the  river  at  right  angles  to  the  deep  flood-tide  channel  alongside 
the  right  bank  below  Gewankhali ;  whilst  the*  main  flood-tide  current 
running  up  close  along  the  concave  right  bank  below  the  confluence  of 
the  River  Rupnarain,  splits  on  approaching  Momington  Point,  a  portion 
flowing  up  the  Rupnarain ;  and  the  greater  portion,  after  curving  round 
approximately  at  right  angles  to  its  former  course,  keeps  still  alongside 
the  right  bank  of  the  Hdgli  till  it  crosses  over  near  Shipgunj  Point, 
in  a  shallow,  ill-deflned,  and  shifting  channel,  towards  the  left  bank, 
somewhat  in  the  direction  of  Lower  Ninan.  The  bars  across  the 
navigable  channel  at  the  crossings  in  those  reaches  vary  in  position  and 
height  with  the  seasons,  according  as  the  freshets  or  the  flood  tides 
prevail ;  and  the  transposition  of  material  with  the  changes  in  the 
channels  are  so  large,  and  the  liability  of  deposit  of  alluvium  to  take 
place  towards  the  close  of  the  heavily-charged  freshets  is  so  great  in 
these  reaches,  which  are  being  widened  gradually  along  both  banks  by 
the  erosion  of  the  freshets  and  the  flood  tide  respectively,  that  dredging, 
though  certain  to  eflect  an  improvement,  would  be  too  onerous  for 
making  and  constantly  maintaining  an  adequate  navigable  depth,  to  be 
a  satisfactory  and  sufficiently  certain  method  of  improvement  A 
preferable  course,  under  such  conditions,  would  be  to  narrow  the  low- 
water  channel  of  the  river,  which  has  been  imduly  widened  by  the 
unrestricted  currents ;  and  as  the  River  Hdgli  is  dependent  for  about 
two-thirds  of  the  year  upon  the  tidal  flow  for  its  maintenance,  it  would 
be  essential  to  avoid  all  interference  with  the  influx  of  the  flood  tide,  by 
training  the  ebb-tide  current  into  the  flood-tide  channel  with  training 
walls,  having  their  tops  at  or  below  the  lowest  low  water,  and  thus 
leaving  the  tidal  capacity  of  the  river  unaffected,  as  indicated  by  Ae 
dotted  lines  on  Figs.  223  and  224,  p.  373.*  By  such  an  arrangement, the 
flood  and  ebb  tides  can  be  made  to  combine  in  deepening  and  main- 
taining the  '  navigable  channel,  instead  of  acting  in  opposition  by 
expending  their  force  in  forming  different  channels,  on  opposite  sides 
of  the  river,  in  the  widened  reaches  between  the  banks  of  a  windii^ 
tidal  river. 

A  systematic  regulation,  which  is  unnecessary  in  the  Hdgli,  has  been 
carried  out  on  other  tidal  rivers  of  smaller  dimensions,  and  with  less 
good  general  depths,  as  for  instance  on  the  River  Maas  between 
Rotterdam  and  the  sea,'^  on  the  River  Nervion  below  Bilbao,  to  its 
mouth  ^  (Fig.  225),  and  notably  on  the  River  Weser  from  Bremen  to 
its  estuary  (Fig.  228,  p.  376).  These  works  consist  of  cuts  to  do  away 
with  sharp  bends ;  occasional  cross  dykes  to  make  the  navigable  channel 
follow  a  central  course,  and  to  close  secondary  branch  channels ;  and 
longitudinal   training  walls,  generally   constructed  of  rubble  stone  or 

»  "  Report  on  the  River  Hiigli,"  Calcutta,  1897,  pp.  88  and  92,  and  plate  6,  6gs. 
3.  7,  and  8,  and  plate  7,  fig.  4,  and  plate  8.  figs.  8  and  9. 

•  Procicdings  Inst,  C,E,,  vol.  cxviii.  p.  25,  and  plate  2,  figs.  12  and  13. 
'  loid.,  p.  30,  and  plate  2,  figs.  17  and  18. 
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fascine  mattresses,  to  straighten  the  channel  where  necessary,  and  render 
it  uniform  in  width,  and  consequently  in  depth  (Figs.  226  and  229).  In 
the  Weser,  the  low-water  channel  has  been  regulated  by  training  walls, 
not  raised  above  low  water  (Fig.  230,  p.  376),  so  that  whilst  regulating 

REQULATION  AND  PROTECTION  OF  OUTLET.     RIVER  NERVION. 

Fig.  226.~Plan.  Fig.  227.  -Western  Breakwater,  Section. 
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and  deepening  the  navigable  channel,  the  high-water  channel  of  the 
river  may  remain  unrestricted  for  the  reception  of  the  tidal  influx  as 
formerly.*  These  works,  by  regulating  and  deepening  the  channel,  facili- 
tate the  influx  and  eflfiux  of  the  tide,  and  by  lowering  the  low  water 
line,  cause  a  greater  volume  of  tidal  water  to  enter  and  leave  the  river, 
and  extend  the  tidal  limit  (Fig.  229,  p.  376).  Moreover,  the  works  are 
so  designed  as  to  increase  the  width  of  the  river  gradually  towards  its 
mouth,  so  that  the  regulated  River  Maas  has  a  width  of  985  feet  a  little 
below  Rotterdam,  increasing  to  2300  feet  at  the  outlet  between  the  jetties 
in  the  North  Sea  (Fig.  215,  p.  360) ;  the  River  Nervion  is  210  feet  wide 
at  Bilbao,  and  525  feet  between  the  jetties  at  its  mouth  (Fig.  225) ;  and 
the  width  of  the  trained  low-water  channel  of  the  River  Weser  has  been 
gradually  enlarged  from  about  500  feet  at  Bremen,  up  to  about  3600  feet 
where  it  emerges  into  its  estuary  at  Bremerhaven  (Fig.  228,  p.  376).  The 
velocity  of  the  currents  is  thus  rendered  fairly  uniform,  so  that  the 
abrupt  reduction  in  velocity  which  occurs  on  entering  a  wide  reach, 
with  its  consequent  deposit  of  alluvium,  is  prevented.  Dredging  is  also 
generally  carried  out  in  the  shallow  portions  of  the  regulated  channel,  to 

*  **Die  Korrektion  tier  Unterwescr,"  L.  Franzius,  Bremen,  1888,  with  2  plates  ; 
and  Proceedings  Inst.  CE.y  vol.  cxxxv.  p.  230,  and  plate  5,  figs.  4  and  5. 
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feet  a  greater  deepening  than  unaided  scour  could  produce,  and  also 
>  prevent  the  material  scoured  out  of  the  trained  channel  from  forming 

shoal  in  front  of  the  mouth  of  the  river,  a  result  which  interfered  at 
rst  with  the  due  improvement  of  the  access  to  the  River  Maas  by  the 
ut  across  the  Hook  of  Holland,  whose  enlargement  to  the  proper  width 
^as  originally  left  to  the  scour  of  the  currents,  which  did  not  effect  the 
^quisite  widening,  and  deposited  a  considerable  part  of  the  material  it 
amoved  from  tiie  narrow  cut  in  the  wide  jetty  channel,  so  that 
ventually  the  cut  had  to  be  widened  and  the  deposit  removed  by 
hedging,  and  the  jetty  channel  narrowed  by  an  inner  southern  jetty 
Pig.  215,  p.  360). 

The  rate  of  enlargement  of  the  trained  channels  referred  to  above, 
1  relation  to  their  lengths,  amounts  to  i  in  80  for  the  Maas  between 
Lotterdam  and  the  sea,  i  in  75  for  the  Nervion  from  Bilbao  to  its 
louth,  and  i  in  7 1  for  die  Weser  from  Bremen  to  Bremerhaven,  which 
itios  correspond  very  closely  to  the  rate  of  enlargement  of  the  Clyde  of 

in  83  between  Glasgow  and  Dumbarton,  and  of  the  Tyne  of  i  in  75 
etween  Newcastle  and  its  mouth ;  and  in  these  cases,  with  the  exception 
f  the  Weser,  the  fall  of  the  river-bed  seawards  is  inappreciable,  and 
nly  slight  in  the  Weser  below  Bremen.    Accordingly,  a  suitable  rate  of 
nlargement  for  the  lower  portion  of  tidal  rivers  with  fairly  level  beds, 
ppears  to  be  i  in  70  to  i  in  89,  with  a  larger  ratio  for  rivers  with  beds 
5ing    inland,   in  proportion  to   the   inclination,   and   a   more   rapid 
nlargement  towards  the  outlet  of  rivers  trained  through  sandy  estuaries. 
^  I^tecUon  of  Outlet  of  Tidal  Rivers  by  Breakwaters. — 
^idal  rivers  flowing  straight  into  the  sea,  without  expanding  into  an 
stuary,  are  generally  guided  across  the  beach  by  projecting  jetties,  in 
>nler  to  deepen  and  maintain  the  outlet  channel,  and  protect  it  from 
^^e  inroad  of  drift  along  the  coast,  of  which  examples  are  furnished  by 
he  River  Maas  (Fig.  215,  p.  360),  the  River  Nervion  (Fig.  225,  p.  375), 
'^d  the  River  Wear.     At  the  mouth  of  the  Maas,  the  jetties  have  been 
^tended  out  so  far  beyond  low-water  mark  that  they  effectually  protect 
^  outlet  from  the  inroad  of  drift,  and  shelter  the  dredging  operations 
*■    connecting   the  *  outlet  channel  with   deep   water ;    and   the   wide 
^ance  between  the  jetties  appropriate  for  this  large  river,  situated 
•ll  out  from  the  shore,  renders  the  river  easy  of  access  from  the  sea. 
^^re,  however,  the  jetties  are  not  carried  beyond  low-water  mark,  as  at 
-   mouth  of  the  Wear ;  where  the  drift  along  the  coast  is  considerable, 
^  tends  to  form  a  bar  in  front  of  the  outlet,  as  at  the  mouth  of  the 
'^e ;  where  the  exposure  is  great,  as  at  the  mouth  of  the  Nervion ; 
3.  where  the  small   size   of  the   river   precludes   the   possibility   of 
^viding  a  wide,  as  well  as  a  deep  outlet  channel  across  the  beach, 
^^rbour  has  been  formed  in  some  cases  in  front  of  the  mouth  by  two 
^verging  breakwaters,  within  the  shelter  of  which  the  outlet  channel 
^^adSy  deepened  and  the  bar  in  front  removed  by  dredging.     Such  a 
^bour,  moreover,  with  an  entrance  of  adequate  width,  in  deep  water 
^^y  from  the  coast,  can  be  entered  by  vessels  during  storms  with  much 
^ter  safety  than  the  unprotected  mouth  of  a  river  close  to  the  line  of 
'takers  along  the  shore ;  whilst  the  windward  breakwater  arrests  the 
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drift,  or  causes  it  to  travel  into  deep  water.  The  mouths  of  the  T}*dc 
and  the  Wear  have  been  protected  in  this  manner,  and  their  outlet 
channels  deepened  considerably  by  dredging  within  the  sheltered  area;* 
and  converging  breakwaters  are  in  progress,  projecting  out  from  each 
side  of  the  bay  into  which  the  Nervion  flows,  for  facilitating  access  to 
the  river  on  that  stormy  coast,  and  securing  its  outlet  from  being 
impeded  by  drift  (Figs.  225  and  227,  p.  375). 

Training  Tidal  Rivers  through  Sandy  EstuarieB.— Many 
tidal  rivers,  before  reaching  the  sea,  expand  into  large  estuaries  more 
or  less  encumbered  by  sandbanks,  of  which  the  Thames,  the  Sevan, 
the  Mersey,  the  Humber,  the  Seine,  and  the  Loire  are  well-known 
examples.  In  some  instances,  the  depth  is  ample  in  the  navigable 
channel  even  at  low  water,  as  in  the  Bristol  Channel  up  to  the  mouth  of 
the  Avon,  the  Firth  of  Clyde  up  to  Greenock,  and  the  St.  Lawrence  up 
to  Quebec ;  and  in  other  cases,  dredging  suffices  to  render  the  navigable 
channel  in  an  estuary  accessible  for  large  vessels  at  any  state  of  the 
tide,  as  in  the  Thames  up  to  Tilbury,  the  Mersey  up  to  Rock  Ferry, 
by  dredging  on  the  bar,  and  the  St.  Lawrence  between  Quebec  axii 
Montreal.  Many  estuaries,  however,  in  their  natural  condition  can  only 
be  navigated  near  high  water;  and  their  navigable  channel  has  a 
winding,  and  frequently  shifting  course  through  extensive  sandbanks,  as 
exemplified  by  the  Seine,  the  Loire,  the  Dee,  the  Ribble,  and  the  Upper 
Mersey  estuary. 

The  possibility  of  improving  the  navigable  channel  through  estuaries 
by  dredging  alone,  depends  upon  the  extent  of  its  stability,  and  also 
upon  the  suitability  of  the  material  forming  its  bed  for  being  raised  by 
suction  dredgers.  Thus  the  channel  across  the  Mersey  bar  in  Liverpool 
Bay,  has  proved  capable  of  being  largely  deepened  and  widened  by 
sand-pumps,  owing  to  its  fair  stability  of  position,  and  the  purity  of  the 
sand  constituting  the  bar ;  and  a  like  success  might  be  anticipated  from 
the  employment  of  suction  dredgers  for  lowering  the  bars  in  the  Hiigli 
estuary,  where  the  navigable  channel  is  to  a  great  extent  subject  to 
similar  favourable  conditions.*-*  Where,  however,  an  estuary  channel  is 
very  unstable,  its  improvement  by  dredging  alone  is  impracticable ;  and 
an  admixture  of  silt  or  clay  with  the  sand  largely  reduces  the  efficiency 
of  ordinary  sand-pump  dredgers,  and  necessitates  the  addition  of  water- 
jets  or  cutters  to  stir  up  and  disintegrate  the  material. 

Training  walls  consisting  of  a  continuous  mound  of  nibble  stone, 
slag,  or  fascines,  extended  along  each  side  of  the  navigable  channel 
down  an  estuary,  have  been  commonly  resorted  to  for  permanently 
fixing  the  channel,  and  also  deepening  it  by  the  concentrated  scour  of 
the  flood  and  ebb  tides,  together  with  the  fresh-water  discharge,  in  the 
trained  channel ;  and  the  depth  thus  gained  is  usually  further  increased 
by  dredging  in  the  fixed  channel.  The  value  of  training  works  in 
deepening  a  wandering  channel  through  a  sandy  estuary,  is  well 
illustrated  by  the  great  improvement  in  depth  effected  by  the  training 


'   "  Rivers  and  Canals,"  vol.  i.  plate  6,  fi^.  6  and  7,  and  plate  8,  figs.  I  and  2. 
Report  on  the  River  Hiigli,"  Calcutta,  1897,  pp.  76  and  94. 
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walls,  unaided  by  dredging,  carried  out  through  the  upper  estuary  of 
the  River  Seine  in  1848-69,  as  shown  in  Figs.  231  and  232,  p.  380,  and 
by  the  deepening  of  tfie  navigable  channel  through  the  Tees  estuary  by 
training  works  since  1852,  assisted  in  this  case  by  dredging  in  the  trained 
channel  (Figs.  234  and  235,  p.  381).     In  the  Weser  estuary  below 
Bremerhaven,  the  navigable  channel  has  been  recently  trained  by  a 
single  training  wall,  3^  miles  in  length,  slightly  diverging  from   the 
nearly  parallel  opposite  shore,  which  has  enabled  a  second  training  wall 
to  be  dispensed  with  (Fig.  228,  p.  376);  and  an  improvement  and 
regulation  of  the  channel  further  out  in  the  estuary  has  been  sought  by 
closing  branch  channels,  and  thereby  concentrating  the  scour  in  the 
main  channel;   whilst  it  is  proposed  to  increase  the  navigable  depth 
gradually  by  dredging.     The  Seine  training  walls  are  composed  of 
mounds  of  rubble  chalk,  faced  on  the  side  of  the  channel  by  pitching 
or  a  layer  of  concrete,  and  further  protected  in  some  places  against  the 
bore  by  sheet-piling  along  the  toe  (Fig.  233,  p.  380) ;  the  Tees  training 
walls  are  mainly  formed  of  refuse  slag  from  the  neighbouring  iron  blast- 
furnaces (Fig.  236,  p.  381);  and  the  training  wall  in  the  Weser  estuary 
consists  of  layers  of  fascine  mattresses,  not  raised  above  low-water  level. 
In  addition  to  deepening  the  navigable  channel  through  an  estuary, 
and  rendering  it  capable  of  being  further  deepened  by  dredging,  train- 
ing works,  by  permanently  fixing  and  straightening  the  channel,  make 
it  much  safer  for  navigation  than  the  original  shifting  channel,  which 
sometimes,  as  was  formerly  the  case  in  the  upper  part  of  the  Seine 
estuary,  has  its  dangers  aggravated  by  the  appearance  of  a  bore  at 
certain   periods,  a  phenomenon  whose  violence   is   mitigated  by  the 
regulation  of  the  channel     The  improvement,  however,  of  the  channel 
is  confined  to  the  trained  portion ;  and  where  the  training  works  have 
not  been  carried  out  to  deep  water,  as  in  the  estuaries  of  the  Seine,  the 
Loire,  the  Ribble,  and  the  Dee,*  the  navigable  channel  beyond  the 
training   walls  remains   unstable  and  encumbered  with  shoals,  as  the 
influence  of  the  training  works  extends  very  little  beyond  their  termina- 
tion.    Accordingly,  though  the  navigable  condition  of  a  tidal  river  is 
undoubtedly  improved  by  training  works  through  the  upper  portion  of 
its  estuar)',  in  proportion  as  the  interval  of  shallow,  shifting  channel, 
bet^'een  deep  water  at  sea  and  the  fixed  and  deepened  trained  channel, 
is  reduced,  and  therefore  can  he  more  readily  traversed  by  vessels  near 
high  water,  the  improvement  of  the  river  cannot  be  regarded  as  complete 
till  the  trained  channel  has  been  extended  out  to  deep  water.     ^Iore- 
over,  the  due  enlargement  of  the  trained  channel  seawards,  so  essential, 
as  already  pointed  out,  fQr  the  free  admission  of  the  flood  tide,  and  for 
promoting  uniformit}'  in  the  tidal  flow,  and  consequently  uniformity  in 
depth,  has  been  often  neglected  in  training  rivers  through  wide,  shallow- 
estuaries,  as  exemplified  by  the  training  works  in  the  Ribble  and  Dee 
estuaries,   and   formerly   in   the   Seine  estuary,  where  the'  increase  in 
width  between  the  training  walls  towards  their  outlets  was  made  ver}- 
inadequate  (Fig.  231) ;  and  these  narrow  trained  channels  open  abruptly 

'  "  Rivers  and  Canals,"  vol.  i.  plate  9,  figs,  i,  4,  11.  and  13. 
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'  the  middle  of  wide  estuaries  encumbered  with  sandbanks,  instead 
eipapding  with  a  trumpet-shaped  oudet  channel  into  deep  water, 
di  nature  indicates  as  tiie  best  form  for  securing  a  good  navigable 
th  towards  the  mouth  of  a  tidal  river.  The  trained  cbaimel  of  the 
s,  on  the  other  hand,  has  been  given  a  very  good  rate  of  enlargement 
iw  Middlesbrough,  approximadng  to  i  in  45  (Fig.  134) ;  whilst  the 
ilated  and  trained  channel  of  the  Weser  has  been  given  an  enlai^e- 


t  of  I  in  50  between  Bremen  and  the  termination  of  the  training  wall 
le  estuary,  a  marked  contrast  to  the  rate  of  i  in  200  adopted  for 
Seine  trained  channel  many  years  ago,  and  tiow  admitted  to  be 
equate. 

Accretion  in  Estaarlea  due  to  Training  Works. — The  con- 
ration  of  the  tidal  flow  and  fresh-water  discharge  in  a  trained 
mel,  whilst  wholly  benelicial  to  navigation  in  the  channel  itself, 
.draws  these  scouring  influences  from  the  estuary  behiiid  the  training 
s,  and,  consequently,  favours  the  deposit  of  niateriaU  carried  down 
1  inland  by  the  river  in  flood-time,  or  brought  in  from  the  seacoast 
the  flood  tide.  A  river  with  its  wandering  channel  in  a  sandy 
ary,  disturbs  in  succession  every  portion  of  the  estuary  through 
:h  it  shifts  its  course,  and  aided  by  the  predominance  of  the  ebbing 
ent  reinforced  by  the  fresh  water,  carries  seawards  the  materials 
Jght  down  from  inland,  or  in  from  the  sea.  As  soon,  however,  as 
chaimel  is  permanently  fixed  between  training  walls,  the  disturbing 
scouring  influences  are  concentrated  in  this  channel;  and  the 
mentaiy  matter  brought  into  the  estuary  settles  gradually  in  the  slack 
er  at  the  back  of  the  training  walls,  and  even  along  the  sheltered 
s  <^  the  estuary  in  advance  of  the  works,  as  clearly  exhibited  in  the 
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chart  of  the  Seine  estuary  where,  owing  to  the  large  amount  of  material 
eroded  from  the  coast  of  Normandy  and  brought  in  by  the  flood  tide, 
especially  during  westerly  gales,  accretion  has  taken  place  on  a  very 
large  scale  since  the  introduction  of  the  training  walls,  leading  to 
reclamations,  not  merely  in  the  upper  estuary,  but  even  along  the  sides 
of  the  estuary  down  to  Harfleur  on  the  north  and  Honfleur  on  the  sootb 
(Fig.  231,  p.  380).  The  reclamations  were  undoubtedly  hastened  in 
this  instance  by  carrying  the  training  works  diagonally  across  the  upper 
estuary  between  Quillebeuf  and  Tancarville,  by  the  construction  of  across 
dyke  from  La  Roque  to  the  south  training  wall,  enclosing  the  southern 
part  of  the  estuary  to  the  north  of  the  Vernier  Marsh,  and  by  raising 
the  training  walls  considerably  above  low  water.  Accretion  at  tfie  sides, 
however,  is  the  inevitable  result  of  concentrating  the  scour  in  a  fixed 
charmel  through  an  estuary  exposed  to  the  introduction  of  sediment; 
and  it  is  necessarily  accompanied  by  a  reduction  in  the  tidal  capadtj 
of  the  estuary.  Nevertheless,  the  rate  and  extent  of  the  accretion  may 
be  diminished  considerably  by  keeping  the  training  walls  as  low  as 
possible  consistently  with  the  l^xing  of  the  channel,  and  duly  enlarging 
the  width  between  them  seawards ;  whilst  any  resulting  loss  of  scour  in 
the  channel,  can  be  compensated  for  by  dredging  to  obtain  the  requisite 
depth. 

A  large  reduction  of  tidal  capacity,  by  diminishing  correspondingly 

the  volume  of  tidal  water  entering  and  leaving  the  estuary,  leads  to  the 

extension  of  sandbanks  at  the  outlet,  as  indicated  by  the  progressioD  of 

the  shoals  at  the  mouth  of  the  Seine,  ^  the  enlargement  and  advance 

of  the  sandbanks  along  the  sea  face  of  the  Ribble  estuary,  and  the 

remarkable  deterioration  in  depth  of  the  lower  estuary  of  the  Dec, 

which  has  resulted  from  the  extensive  reclamations    effected   in  die 

upper  estuary.'-     The  depth  in  front  of  the  outlet  of  the  trained  channel 

may,  indeed,  be  increased  by  the  concentrated  scour,  in  spite  of  the 

general  accretion ;  but  the  access  to  seaports  at  the  sides  of  the  estuary, 

or  at  some  distance  beyond  the  termination  of  the  training  works,  may 

be   endangered   by  the  reduction  in  tidal  capacity.     Thus  the  Seine 

training  works  were   stopped   at   Berville  in   1869,  for   fear  that  the 

extended    accretion    resulting    from   their   prolongation   would  shoal 

the  approach  to  the  port  of  Havre  at  the  mouth  of  the  estuary ;  and 

the  training  works  in  the  upper  Loire  estuary  were  not  carried  beyond 

La  Martiniere,  about  23  miles  above  the  mouth  of  the  estuar)'  at  St. 

Nazaire,  lest  the  loss  of  the  tidal  capacity  due  to  accretion,  which  had 

already  been  occasioned  to  some  extent  by  the  existing  training  works, 

should  be  so  largely  increased  by  their  further  extension,  as  to  render 

the  reduced  scour  at  the  outlet  incapable  of  maintaining  the  approach 

channel  to  the  port.     An  extension  of  the   Seine  training  walls  was, 

indeed,  authorized  in  1895  (see  dotted  lines  Fig.  231,  p.  380),  but  only 

subject  to  the  condition  that  an  entirely  new  approach  from  the  sea 

must  be  provided  for  Havre,  out  of  reach  of  the  Seine  accretions  (Fig. 

286,   p.  447) ;  and  the  rate  of  enlargement  of  the  trained,  high-water 

*  "  Rivers  and  Canals,"  vol.  i.  plate  9,  fig.  2. 
'  Ibid.<t  plate  9,  figs.  13  and  14. 
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iiannel,  from  the  commencement  of  the  new,  high,  northern  training 
tail  a  short  distance  below  Tancarville,  to  the  proposed  extremity  of  the 
■olonged  southern  training  wall,  amounts  to  about  i  in  10. 

Reclamation  is  progressing  in  the  Ribble  and  Tees  estuaries,  owing 
o  the  promotion  of  accretion  by  the  training  works  in  these  estuaries ; 
ind  though  the  converging  breakwaters  at  the  Tees  outlet  protect  its 
stuary  from  the  inroad  of  drift  from  the  coast,  they  favour  the  deposit 
if  any  sediment  which  may  be  introduced  into  the  sheltered  area  (Fig. 
134,  p.  381);  but  in  this  case,  there  are  no  ports  at  the  sides  of  the 
stuary  to  be  considered,  and  any  loss  of  tidal  capacity  from  accretion 
an  be  compensated  for  by  additional  dredging  in  the  trained  channel. 

Remarks  on  Training  Works  through  Sandy  Estuaries. — 
Fiaining  works  provide  a  sure  method  of  fixing  and  deepening  a 
irandering  channel  in  a  sandy  estuary  in  the  interests  of  navigation ;  but 
iie  training  walls  should,  if  possible,  not  be  raised  above  low  water,  so 
IS  to  keep  down  the  resulting  accretion  at  the  sides,  and  consequent 
OSS  of  tidal  capacity,  to  a  minimum ;  and  they  should  form  a  channel 
enlarging  seawards  at  a  rate  of  not  less  than  about  i  in  80,  and  more 
ikpidly  on  approaching  the  outlet,  carried  out  to  deep  water.  Where 
ports  exi§t  at  the  side  of  an  estuary,  it  may  prove  necessary  to  limit  the 
extension  of  the  training  works,  in  order  to  avoid  impeding  the  access 
to  the  port  by  accretion,  unless  a  new  outlet  on  the  seacoast  can  be 
provided,  as  now  in  progress  for  Havre.  Where  a  port  is  situated  on 
die  narrowed  outlet  of  a  large  estuary  subject  to  the  introduction  of 
sediment,  like  Liverpool  in  the  narrows  leading  out  of  the  inner  Mersey 
estuary,  and  St.  Nazaire  at  the  contracted  outlet  of  the  extensive  Loire 
estuary,  where  the  estuary  serves  as  a  large  natural  sluicing  basin  main- 
taining deep-water  access  to  the  port  by  tidal  scour,  it  is  necessary  to 
relinquish  the  improvement  of  the  navigable  channel  through  the  estuary 
by  training  works,  lest  these  works,  by  leading  to  the  accretion  of  the 
estuary  outside  the  trained  chamiel,  should  deprive  the  port  at  its 
outlet  of  the  scouring  current  by  which  its  approach  channel  from  the 
sea  is  preserved. 


CHAPTER   XXIV. 
INLAND   NAVIGATION   CANALS. 

Comparison  of  canals  and  railways — Instances  of  large,  well-situated  canals 
— Objects  of  inland  canals,  canals  connecting  rivers,  lateral  canak  in 
place  of  rivers — Construction  of  canals,  various  works,  aqueducts- 
Sizes  of  canals,  in  Great  Britain,  France,  Germany,  Belgium,  Holland, 
Russia,  North  America,  requirements  as  regards  width  and  depdi— 
Supply  of  water,  sources,  methods  of  economizing — Methods  of  trans- 
ferring vessels  from  one  reach  to  the  next,  locks,  flight  of  locks,  inclines, 
lifts — Canal  Ijocks :  compared  with  river  locks,  similarities,  differences; 
sizes,  in  England,  standard  in  France,  on  Merwede  Canal,  in  Canada, 
on  St.  Mary's  Falls  Canal ;  lifts  of  canal  locks,  average  in  England  and 
France,  large  lifts  on  French  locks,  on  Welland  and  Soulanges  Canals ; 
flights  of  locks,  instances  ;  reduction  in  time  of  passage  through  locks, 
by  various  contrivances ;  methods  of  saving  water  in  locking,  ^ 
duplicating  locks,  by  side  ponds — Canal  Inclines  :  advantages,  method 
of  working ;  barges  conveyed  in  cradles,  instances,  description  of  inclines; 
barges  in  caissons  with  water,  object,  descriptions  ;  objections ;  Chig- 
necto  Ship-railway,  object,  description,  unfinished — Canal  laifts:  prin- 
ciple of  working  ;  hydraulic  canal  lift,  description  of,  at  Anderton,  at 
Fontinelles,  and  at  La  Louvi^re ;  floating  canal  lift,  description  of, 
at  Henrichenburg,  advantages  ;  lifts  compared  with  locks  and  inclines, 
relative  mcrils  and  disadvantages. 

Navigation    canals    provide    waterways    for    the   transit  of    barges 
through  inland  districts,  just  as  railways  serve  for  the  passage  of  tiaios; 
and  canals  also,  like  railways,  traverse  high  ridges  in  cuttings  or  tunnels, 
and  valleys   on  embankments  or  aqueducts.      They  differ,  however, 
from  railways  in  having  to  be  constructed  in  a  series  of  level  reaches, 
instead  of  with  varying  gradients,  so  that  they  have  to  follow  the  winding 
contours  of  the  country  as  closely  as  possible,  with  a  circuitous  route, 
in  order  to   maintain  a  uniform  level;   and    the  differences  in  level 
between  the  successive  level  reaches  have  to  be  surmounted  by  locks, 
inclines,   or   lifts.      Canals,  accordingly,  are  at    a    disadvantage  for 
competition  with  railways,  in  having  to  follow  a  more  circuitous  course 
to  preserve  the  level  of  their  reaches  at  a  reasonable  cost,  and  in  the 
delays  involved  in  the  passage  of  vessels  from  one  reach  to  the  next, 
as  well  as  on  account  of  the  rate  of  transit  being  slower  in  water  than 
on  rails ;   but,  on  the  other  hand,  the  resistance  to  traction  is  much  lesi 
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a  waterway  than  on  a  railway,  and  the  working  and  maintenance 
a  canal  is  less  onerous.  Canals  offer  the  best  advantages  where  the 
ntry  is  fairly  flat,  and  the  traffic  in  bulky  goods  considerable,  or 
ere  a  short  length  of  canal  serves  to  connect  long  lengths  of  river 
lake  navigation.  Before  the  introduction  of  railways,  canals 
re  extended  into  many  localities  which  could  have  been  more, 
momically  served  by  railways;  but  numerous  old  canals,  though 
en  inadequate  in  size,  where  suitably  situated,  have  been  able  to 
intain  a  large  traffic  in  bulky  goods  in  spite  of  the  keen  competition 
railways ;  and  in  several  districts,  enlarged  inland  canals  have  been 
istmcted  within  recent  years  with  good  prospects  of  traffic,  and  with 
lefit  to  the  country  they  traverse,  as  for  instance  the  St.  Mary's  Falls 
lals,  the  St.  Clair  Flats  Canal,  and  the  Soulanges  Canal,  in  North 
lerica,  the  St.  Denis  and  other  enlarged  canals  in  France,  the 
rwede  Canal  in  Holland,  the  Dortmund-Ems  Canal  in  Germany,  and 
Marie  Canal  in  Russia. 

Objects  of  Inland  Canals. — Though  the  primary  object  of  inland 
als  is  to  provide  communication  by  water  for  the  districts  they  pass 
3ugh,  they  also  fulfil  two  still  more  important  purposes.  Thus  a  canal, 
:onnecting  two  river  navigations  across  the  water-parting  of  their  basins, 
y  open  up  a  very  long  line  of  water  communication.  This  is  almost 
sole  object  of  the  canals  which  have  been  constructed  or  projected 
Russia ;  the  principal  rivers  of  France  have  been  connected  together 
this  means,  and  also  with  German  rivers ;  and  remarkable  instances 
his  use  of  canals  are  furnished  by  the  junction  of  the  St.  Lawrence, 
3Ugh  the  Great  Lakes,  with  the  Mississippi,  and  the  uniting  of  the 
i  and  Yenesei  rivers  in  Siberia  by  a  canal,  only  5  miles  long,  joining 
>  of  their  tributaries,  and  opening  out  a  waterway  about  3300  miles 
ength.  When,  however,  the  ridge  separating  two  river  basins  attains 
igh  altitude,  the  cost  of  construction  of  the  numerous  locks  required, 
1  still  more  the  delays  the  passage  through  them  involves,  render  a 
lal  an  unsuitable  means  of  communication. 

Canals  are  also  sometimes  constructed  alongside  rivers  as  substitutes 
river  navigation,  where  a  river,  for  a  certain  length,  owing  to  falls, 
ids,  or  shoals,  is  unsuited  for  improvement.  A  notable  example  of 
h  a  lateral  canal  is  the  Welland  Canal,  which  furnishes  a  navigable 
inection  between  Lakes  Erie  and  Ontario,  since  the  Niagara  River 
ibg  the  lakes  is  barred  by  its  Falls  and  the  rapids  above  and  below ; 
1st  the  Gloucester  and  Berkeley  Canal,  avoiding  an  awkward  jmrt  of 
River  Severn,  affords  an  instance  in  England  of  a  lateral  canal. 
Construction  of  Canals. — The  works  for  canals  are  similar  to 
se  for  railways,  with  the  exceptions,  that  in  cuttings  through  ix)rous 
ta,  and  on  embankments,  the  trough  for  the  canal  has  to  be  made 
srdg^  by  a  lining  of  clay,  concrete,  or  other  impermeable  materials, 
high  embankments  should  be  avoided,  and  that  the  greatest  care 
t  be  taken  in  forming  the  embankments  to  guard  against  settlement 
lips,  which  would  be  attended  by  serious  damage  in  the  case  of  a 
d.  The  cheapest  formation  for  a  canal  is  where  the  level  is  such 
the  trough  of  the  canal  has  only  to  be  partially  excavated,  and  the 
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is  enclosed  by  a  bank  on  each  side,  formed  of  the  excavated 

I,  with  a  central  puddle  trench  going  down  into  the  solid  ground 

Ito  render  the  banks  watertight.  A  towing-path  has  to  be  formed  alon; 
one  side  of  the  canal  where  traction  by  horses  is  employed.  The  side 
slopes  in  soft  soil,  near  the  water-level  of  the  canal,  have  to  be  made  flat, 
and  protected  by  pitching,  timberwork,  fascines,  or  plants,  to  pre*enl 
their  erosion  by  tlie  wash  raised  by  the  passage  of  the  barges,  especial!;! 
where  the  waterway  is  small  in  relation  to  the  cross  section  of  the  bai^ 
or  the  speed  of  navigation  is  fairly  quick.  Through  towns,  vaijial 
side  walls  save  land  and  provide  quays. 

Bridges  carrying  canals  over  roads,  rivers,  and  railways,  or  aqueducU 
as  they  are  termed,  differ  from  railway  bridges  in  having  to  pronJe » 
watertight  trough,  with  a  towing-path  al  the  side  if  required,  and  in 
being  subjected  merely  to  the  dead  load  of  the  bridge  and  the  "«« 
carried  by  it,  and  not  to  any  moving  load.  Canal  aqueducts  »m! 
tunnels  are  often  restricted  to  the  width  necessary  for  the  passage  of  a 
single  barge,  in  order  to  reduce  the  cost ;  and  the  towing-path  is  some- 
times dispensed  with  in  tunnels,  the  propulsion  being  effected  by  ihc 
bargemen  or  by  mechanical  means. 

Sizes  of  Ganals. — 1  he  differences  in  dimensions  of  canals  a»l 
their  locks,  constructed  in  former  times  by  different  companies,resemMing 
differences  in  gauge  on  railways,  have  seriously  impeded  the  developmeni 
of  through  routes  and  the  extension  of  inland  navigation.  The  inland 
canals  of  Great  Britain  can  only,  for  the  most  part,  afford  a  passi^ 
for  barges  7a  feet  long,  7  feet  to  15  feet  wide,  and  drawing  3  to  5  fef 
of  water ;  and  little  has  been  done  on  a  comprehensive  scale  to  mert 
modem  requirements,  except  on  the  Aire  and  Calder  Navigation  jwl 
the  Weaver  Navigation,  which  have  been  successively  enlarged,  and 
afford  depths  of  9  feet  and  15  feet  respectively,  so  that  the  latter  on 
accommodate  vessels  of  1000  tons.  In  France,  on  the  contrary,  the 
main  lines  of  waterways  have  been  gradually  remodelled,  and  necessin 
links  constructed  since  1879,  so  as  all  to  conform  to  the  minirauni 
standard  depth  of  6^  feet,  to  be  increased  eventually  throughout  10  jj 
feet,  and  give  access  to  vessels  of  300  tons,  126  feet  long,  i(i\  '(« 
wide,  and  from  6  to  6|  feet  draught  (Fig.  237).  InGennany,  whereltx 
rivers  furnish  the  chief  routes  for  inland  navigation,  the  depth.*  ol  Ihe 
canals  connecting  them  range  mostly  between  5  and  7  feel  ;  but  the  nc» 
Dortmund- Ems  Canal  has  been  given  a  depth  of  8^  feet  in  cuitings,  anJ 
iii^  feet  on  embankments  to  reduce  the  earthwork,  with  a  bottom  width  in 
cuttings  of  S9  feet,  and  side  slopes  of  a  to  1.  flattened  to  3  to  1  nearite 
water-level,  and  allows  of  the  passage  of  vessels  of  600  tons  (Fig.  138). 
The  main  inland  canals  of  Belgium  have  depths  of  from  frj  10  1 3^  fed : 
whilst  the  new  Canal  du  Centre,  with  a  depth  of  8  feet,  has  been  naifc 
large  enough  to  admit  vessels  of  400  ions,  The  Hcrwcde  Canal  in 
Holland,  completed  in  1893,  has  a  deptli  of  lai  feet,  a  bottom  wiJili 
of  65^  feet,  and  side  slopes  of  a  to  1  (Fig.  139) ;  whilst  the  laidf 
re-constructed  Marie  Caual  in  Russia,  crossing  the  watcr-paning  of  the 
Volga  and  Neva  basins, and  thus  forming  a  link  in  the  waterway  connection 
the  Caspian  Sea  and  the  Baltic,  affords  access  lo  vessels  of  655  tonStHC 
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feet  long,  31^  feet  wide,  and  6  feet  draught.  The  lateral  Soulanges 
Canal  in  Canada,  for  avoiding  the  rapids  of  the  River  St.  Lawrence, 
and  forming  a  new  link,  opened  in  1900,  14  miles  long,  in  the  improved 
waterway  between  this  river  and  the  Great  Lakes,  for  vessels  of  14  feet 
draught,  has  been  given  a  depth  of  177  feet,  a  bottom  width  of  96  feet, 
and  side  slopes  of  2  to  i,  protected  by  rubble  pitching  near  the  water- 
level,  and  allows  the  passage  of  vessels  of  over  2000  tons  ^  (Fig.  240) ; 
whilst  the  new  Sault-Sainte-Marie  Canal,  connecting  Lakes  Huron  and 
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Superior,  so  as  to  avoid  the  rapids  of  the  St.  Mary  River,  has  been  made 
22  feet  deep  and  145  feet  wide  at  the  bottom,  and  consequently  approxi- 
mates in  dimensions  to  a  ship-canal.  The  new  Chicago  Drainage  Canal, 
primarily  constructed  for  diverting  the  drainage  of  Chicago  from  Lake 
Michigan  into  the  Illinois  River,  but  also  designed  to  be  the  first  length 
of  an  improved  waterway  between  the  Lakes  and  the  Mississippi,  has 
been  given  very  similar  dimensions,  with  bottom  widths  of  160  feet  in 
rock  and  200  feet  in  clay,  side  slopes  of  2  to  i,  and  a  depth  of  22  feet. 

The  bottom  width  of  a  canal  must  be  regulated  by  the  beam  of  the 
largest  vessels  navigating  the  canal,  and  the  speed  at  which  they  travel. 
Inland  canals  are  generally  made  wide  enough  for  barges  going  slowly 
to  pass  one  another,  which  necessitates  a  bottom  width  somewhat  in 
excess  of  twice  the  beam  of  the  largest  barges ;  but  with  an  increased 
speed,  a  larger  margin  of  clear  space  between  two  vessels  passing  one 

*   nU  Engineering  Record^  New  York,  April  8,  1899,  p.  419.     A  cross  section  of 
the  Sonlftnges  Canal  was  sent  me  by  Mr.  Thomas  Monro,  the  engineer-in -chief. 
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illier  is  required.  A  minimum  depth  of  8  inches  lo  i  foot  of  waid 
the  keel  of  barges  of  maximum  drai^ht,  b  essential  even  (ot  lc« 
i;  whilst  15103  feet  should  be  provided  under  [be  keel  «btr= 
issels  are  intended  to  attain  a  fair  speed.  The  width  of  ami* 
be  increased  along  curves  in  proportion  to  the  curvature,  10  prouJc 

le  increased  djffii  ultv  of  navigation  ;  and  sharp  curves  should  1" 
avoided. 

Supply  of  Water  to  Canals. — A  regular  supply  of  water  has  to  bt 
provided  for  canals,  to  make  good  the  losses  due  lo  evaporation  3tA 
leakage,  and  the  expenditure  of  water  necessitated  in  transfening  veswl* 
from  one  reach  to  the  nest,  which  is  proportionate  to  the  amount  of 
traffic  passing  through.  Lateral  canals  are  readily  supplied,  at  theii 
upper  end,  by  the  river  for  whose  navigation  they  serve  as  a  subsiiinic: 
and  canals  traversing  tow-lying  districts  can  generally  obtain  their 
supply  from  adjacent  watercourses.  On  higher  ground,  lakes,  springs, 
and  wells  sometimes  provide  the  requisite  supply ;  whilst  the  upp« 
reaches  of  a  canal,  especially  when  traversing  the  high  ridge  sepai3U>>K 
two  river  valleys,  have  generally  to  be  supplied  from  artificial  reservoiis 
formed  in  hilly  valleys  by  a  dam  across  the  valley,  barring  the  outlet  ui 
the  mountain  stream  flowing  down  the  valley,  and  thus  storing  11 
waters  in  flood-lime  for  feeding  the  canal  during  the  dry  season. 

Where  the  supply  of  water  is  difficult  to  obtain,  special  arrangemani 
are  made  for  economizing  the  water  in  locking  ;  and  occasionally  ibc 
water  expended  is  pumped  back  again  into  the  upjjer  reach,  so  a  '" 
used  over  again. 

Methods  of  traiisferring  Vessels  from  One  Canal  Reach  to 
the  Next. — The  weli-known  system  of  locks,  as  previously  described 
with  reference  lo  canalized  rivers,  is  the  ordinary  method  employed  (w 
raising  or  lowering  vessels  from  one  reach  to  the  next.  Locks,  howevOi 
are  more  frequently  required  on  canals  than  on  rivers ;  ihey  have  to  be 
placed  much  closer  together  where  a  canal  is  rising  to  surmount  ctrC 
water-parting  between  two  river  basins ;  and  occasionally  several  locb 
are  placed  close  together  end  to  end,  in  what  is  termed  a  fiigfi', "' 
overcome  an  abrupt  and  considerable  change  of  level.  Whereas  the 
water  required  for  locking  is  usually  amply  supplied  on  canali/.ed  nws 
by  the  natural  discharge  of  the  river,  its  expenditure  becomes  ai> 
important  consideration  on  canals,  where  the  necessary  supply  has  to  be 
furnished  artificially.  Moreover,  the  delays  incurred  in  passing  through 
the  locks  become  more  serious  on  canals,  where  the  locks  ar«  moir 
numerous,  and  the  differences  of  level  to  be  sumiounled  are  considenUj 
greater  than  on  rivers.  Consequently,  expedients  for  saving  water  ml 
time  in  passing  through  canal  locks  have  been  devised. 

Occasionally,  where  the  differences  in  level  between  canal  icacho 
are  considerable,  in  passing  through  rugged  country,  both  time  anJ 
water  have  been  saved  by  abandoning  flights  of  locks,  and  coR&ttuctiii£ 
inclines  between  the  reaches,  uj)  and  down  which  the  bargeH  are  catric^ 
on  trucks  with  wheels  running  on  rails  on  the  incline. 

A  third  system  consists  of  a  balanced  hydraulic  lift,  by  which  vessels 
floating  in  a  tank  of  water  are  rapidly  raised  ot  lowered  tvrtiatUy  |,' 


ARRANGEMENTS  OF  LOCKS  ON  INLAND  CANALS.    389 

>ity  to  fifty  feet,  from  one  reach  of  a  canal  to  the  next,  with  quite  a 
mall  expenditure  of  water  and  power.  The  cost,  however,  of  constnic- 
ion  of  these  lifts  is  large. 


Canal  Locks. 

Large  canal  locks  resemble  large  river  locks  in  having  a  pair  of 
^ates  meeting  at  an  angle  against  a  sill  at  each  end  of  the  lock- 
|hamber,  and  in  having  large  sluiceways  running  through  the  side  walls 
Tom  end  to  end,  with  several  side  openings  into  the  chamber  to  ex- 
^te  and  tranquillize  the  filling  and  emptying  of  the  chamber  (Fig. 
^41).^  Moreover,  cylindrical  sluice-gates  fitting  into  a  circular  aperture 
It  the  bottom  of  the  sluiceways  alongside  the  gate  recesses,  leading 
Wo  the  main  inlets  at  the  upper  end,  and  the  main  outlets  at  the  lower 


CANAL  LOCK,   WITH   LARGE  LIFT  AND  CYLINDRICAL  8LUICE-QATE8 

Flff.  241.— Canal  du  Centre,  France. 
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d  of  the  lock,  being  balanced  by  the  uniform  water-pressure  all 
ind  the  cylinder,  are  readily  raised  for  opening  communication,  or 
vered  for  closing  it ;  and  owing  to  their  form,  these  sluice-gates  open 
arge  aperture,  with  a  comparatively  small  lift,  for  the  inrush  or  outrush 
the  water  into  or  out  of  the  lock-chamber,  and  therefore  greatly  aid 
I  rapid  filling  and  emptying  of  the  lock  (Figs.' 241  and  242,  b),  A  canal 
:k,  however,  differs  from  a  river  lock  in  having  its  upper  sill  raised 
on  a  lift-wall  with  its  top  level  with  the  bottom  of  the  upper  reach. 


•  **  Voics  navigables  de  la  France,  Ministere  des  Travaux  Publics,  1894,  Canal 
CenUe,'*  Atlas,  plate  6. 
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and,  consequently,  having  a  height  above  the  bottom  of  the  lock- 
chamber  equal  to  the  lift  of  the  lock,  or  the  difference  in  level  between 
the  upper  and  lo^er  pools ;  and  the  upper  lock-gates  are,  accordingly, 
shorter  in  height  than  the  lower  gates  by  the  amount  of  the  lift  of  the 
lock  (Fig.  242,  a). 

Sizes  of  Canal  Locka — ^The  dimensions  of  canal  locks  have  to 
be  made  adequate  for  receiving  the  largest  vessels  capable  of  navigating 
the  waterways ;  and,  consequently,  the  locks  differ  considerably  in  size 
according  to  the  nature  of  the  traffic  and  the  size  of  the  waterway  which 
they  serve.  Sometimes,  also,  as  in  river  locks,  canal  locks  have  their 
chamber  widened  out  to  allow  of  barges  being  ranged  alongside  one 
another  in  the  lock,  or  are  provided  with  an  intermediate  pair  of  gates 
to  adjust  the  length  of  the  lock  to  the  vessel  passing  through,  and 
thereby  save  both  time  and  water  in  locking. 

Many  of  the  old  canal  locks  in  England  are  only  about  74  feet 
long,  and  7  feet  or  14  to  16   feet  wide,  with  4  to  5   feet  depth  of 
water  over  their  sills,  giving  passage  to  barges  of  50  to  100  tons.    On 
the  Aire  and    Calder  Navigation,  however,  with   a   large  coal  traffic, 
navigated  by  vessels  120  feet  long,  18  feet  beam,  and  9  feet  draught, 
the  locks  are  201  to  339  feet  long,  and  18  to  22^  feet  wide,  with  ij  to 
10  feet  of  water  over  their  sills;  whilst  the  Weaver  Navigation,  serving 
the  Northwich  salt-mines,  has  double  locks  of  different  widths,  with 
intermediate  gates,  longitudinal  sluiceways,  and  cylindrical  sluice^tes, 
the  largest  locks  being  120  feet  long  and  42f  feet  wide,  with  15  feet  of 
water  over  their  sills,  and  giving  passage  to  vessels  of  1000  tons.    The 
smallest  standard  dimensions  admitted  for  the  locks  on  the  main  lines 
of  waterways  in  France,  are  126^  feet  length,  17  feet  width,  and  6ifeet 
depth ;  but  these  dimensions  are  often  exceeded  in  the  most  important 
canals,  as,  for  instance,  at  the  reconstructed  locks   on   the  Canal  du 
Centre,  connecting  the  Saone  and  the  Loire,  having  an  available  length 
of  chamber  of  134  feet,  and  a  depth  on  the  sill  of  8^  feet  (Figs.  24^ 
and  242,  \).  389) ;  whilst  the  new  Canal  du  Centre  in  Belgium  has  locks  of 
similar  dimensions.    The  Menivede  Canal,  connecting  the  River  Mervedc 
with  Amsterdam,  has  two  locks  side  by  side  at  the  Amsterdam  end, 
having  entrances  46  feet  wide  at  each  extremity,  and  a  chamber  370 
feet  long,  widened  out  to  about  95  feet  in  the  central  255  feet;  whilst 
elsewhere  the  two  locks  are  arranged  end  to  end,  with  a  pair  of  gates 
between  them,  being  given  an  entrance  width  of  39^  feet,  and  chambers 
about  340  feet  long,  widened  out  to  about  80  feet  in  the  central  27® 
feet. 

The  enlarged  system  of  canals  in  Canada  between  the  St.  Lawrence 
and  the  Great  Lakes,  provides   a  continuous  waterway  for  steameiS) 
drawing  14  feet  of  water,  bringing  wheat  from  the  western  end  of  Lake 
Superior  to  the  St.  Lawrence  at  Montreal,  built  of  sufficient  size  to  be 
employed  for  trading  along  the  New  P^ngland  coast  in  the  winter  when 
the  inland  watenvay  is  frozen  over  (Fig.  240,  p.  387) ;  and  their  locks 
have  chambers  270  feet  long  and  45  feet  wide,  which  are  constracted  of 
concrete  faced  with   dressed  masonry  on   the  new  Soulanges    Canal, 
having  side  walls  20  to  25  feet  wide  at  the  base,  in  which  longitudinal 
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luiceways  have  been  fonned,  communicating  with  the  chamber  by  ten 
ast-iron  pipes  on  each  side,  2^  feet  in  diameter,  enabling  the  lock, 
laving  a  lift  of  23-|-  feet,  to  be  filled  or  emptied  in  about  five  minutes. 
>till  larger  locks  have  been  recently  constructed  on  the  short  canals 
:onnecting  Lake  Huron  with  Lake  Superior,  for  accommodating  the 
aiger  vessels  navigating  the  Great  Lakes,  the  lock  on  the  Sault-Sainte- 
Marie  Canal,  on  the  Canadian  side  of  the  St.  Mary  River,  being  900 
feet  long  and  60  feet  wide,  with  20^  feet  of  water  over  the  sills,  large 
enough  to  receive  a  lake  vessel  320  feet  in  length,  and  two  vessels 
suited  for  passing  through  the  Welland  and  St  Lawrence  Canals,  255 
feet  long,  at  the  same  time ;  whilst  the  lock  on  the  St.  Mary's  Falls 
Canal,  in  the  United  States,  is  800  feet  long  and  100  feet  wide,  with 
21  feet  of  water  over  the  sills. 

Lifts  of  Canal  Looks. — The  lift,  or  the  difference  between  the 
ipper  and  lower  water-level  surmounted  by  the  lock,  varies  according 
x>  circumstances.  It  ranges  usually  between  4  and  9  feet  in  England, 
uid  between  6j  and  9  feet  in  France.  The  time  occupied  in  passing 
hrough  a  lock  is  necessarily  proportionate  in  some  measure  to  the 
leight  of  the  lift ;  but  as  part  of  the  delay  is  independent  of  the  lift, 
ind  short  reaches  are  disadvantageous,  in  reconstructing  a  portion  of 
he  Canal  du  Centre  in  France,  where  the  locks  were  somewhat  close 
ogether,  the  new  locks  were  given  a  lift  of  17  feet  in  place  of  8^  feet, 
educing  the  number  of  locks  by  one  half,  and  elongating  the  reaches 
orrespondingly.  In  deepening  the  St.  Denis  Canal  from  6^  feet  to 
o\  feet,  to  correspond  with  the  improved  depth  of  the  Seine  below 
*aris,  two  of  the  new  locks  with  lifts  of  about  14  feet  replaced  two 
lights  of  two  locks  each ;  and  a  single  lock,  at  the  Paris  end  of  the 
anal,  with  a  lift  of  32 j  feet,  was  substituted  for  two  flights  of  two  locks. 
rhe  great  height  of  the  lower,  single  lock-gate,  of  about  50  feet,  which 
his  unprecedented  lift  would  have  entailed  in  ordinary  construction, 
las  been  avoided  by  building  an  archway  over  the  lock,  affording  the 
tandard  headway  of  17^  feet  above  the  water-level  of  the  lower  pool, 
Lgainst  which  the  top  of  the  lower  gate  rests,  and  thereby  enabling  the 
leight  of  the  gate  to  be  reduced  to  32!  feet.^ 

The  Welland  Canal  surmounts  a  difference  of  level  of  326^  feet  by 
wenty-six  locks,  giving  an  average  lift  of  about  1 2^  feet ;  whilst  the 
ift  of  the  single  locks  on  the  two  canals  joining  Lakes  Huron  and 
mperior,  is  18  feet,  in  place  of  the  lifts  of  two  locks  originally  con- 
;tructed ;  and  three  out  of  the  four  locks  on  the  Soulanges  Canal  have 
L  lift  of  23j  feet,  and  are  situated  within  the  first  mile  from  the  lower 
Old  of  the  canal. 

Flights  of  Locks. — Where  a  considerable  change  of  level  of 
he  land  takes  place  abruptly,  flights  or  chains  of  locks  have  been 
requently  adopted  on  canals,  consisting  of  a  succession  of  locks  in 
ine,  with  the  upper  gates  of  the  lower  lock  forming  the  lower  gates  of 
he  next  lock.     Thus  a  rise  of  203  feet  at  Tardebigge  on  the  Worcester 

•  AnnaUs  da  Pants  et  Chatmies^  1893  (2),  p.  45,  and  plate  17;  and  "Rivers 
iid  Canals,'*  vol.  ii.  p.  380,  and  plate  11,  figs,  i  to  6. 
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and  Birmingham  Canal,  is  surmounted  by  a  flight  of  twenty-nine  lods; 
there  is  a  flight  of  twenty-two  locks  on  the  Somersetshire  Canal,  and  t 
flight  of  twenty-one  locks  on  the  Leeds  and  Liverpool,  and  the  Warwid 
and  Birmingham  canals ;  and  numerous  smaller  flights  exist  on  seven! 
English  canals.  Though  flights  of  locks  are  less  common  and  shorter 
on  French  canals,  there  is  a  flight  of  seven  locks  on  the  Canal  du  Midi, 
and  of  five  locks  at  Fontinettes  on  the  crowded  Neufifoss^  CtnaL 
Whilst,  however,  flights  of  locks  occasion  inevitable  delays  to  naviga- 
tion, they  possess  the  advantage  over  single  locks  placed  at  intervals, 
of  almost  halving  the  number  of  gates  required,  and  of  concentiatiog 
the  delay  at  a  single  spot.  An  increase  in  the  lift,  so  as  to  diminish 
the  number  of  locks,  is  also  similarly  advantageous. 

Reduction  in  Time  of  Passage  throagh  Locks.— Lai;ge 
longitudinal  sluiceways  with  numerous  side  openings  into  the  lock- 
chamber,  do  not  merely  fulfil  the  important  purpose,  with  the  aid  of 
counterbalanced  cylindrical  sluice-gates  of  between  4  and  6  feet  diameter, 
of  rapidly  filling  or  emptying  the  chamber,  but  also  serve  for  facilitating 
the  entrance  and  exit  of  large  vessels  by  providing  side  passages  for 
the  escape  and  admission  of  water,  to  balance  the  displacement  of  water 
caused  by  the  movement  of  a  vessel  occupying  nearly  the  whole 
cross  section  of  the  chamber.  This  object  is  further  aided  by  making 
the  bottom  of  the  lock  two  or  three  feet  deeper  than  the  canaL 
Hydraulic  or  electric  power  expedites  the  opening  and  closing  of  large 
lock-gates ;  and  it  is  also  advantageously  applied  to  the  working  of 
capstans,  for  hauling  barges  into  and  out  of  the  lock.  The  saving  in 
time  effected  by  these  means  is  of  considerable  importance  when  several 
locks  have  to  l)e  passed  through,  when  the  traffic  is  large  enough  for 
the  capacity  of  the  waterway  to  depend  upon  the  rate  of  passage 
through  the  locks,  and  when  competition  exists  with  other  means  d 
communication. 

The  capacity  of  the  Soulanges  Canal  for  the  large  lake  traffic  which 
is  expected  to  make  use  of  it,  has  been  greatly  increased  by  lighting 
the  canal,  along  its  whole  length,  with  electric  arc  lamps  of  2000  candle- 
I)ower  at  intervals  of  480  feet,  so  as  to  enable  navigation  to  be  safely 
conducted  during  the  night.  The  locks  also  and  swing  bridges  on  this 
canal,  besides  being  efficiently  lighted,  are  operated  by  electricit)" 
generated  by  water-power  from  Lake  St.  Francis,  which  also  supplies 
the  canal  with  water. 

Methods  of  saving  Water  in  Locking. — The  consumption  of 
water  on  a  canal  with  a  large  traffic,  in  passing  vessels  through  locks 
with  a  large  lift  or  flights  of  locks,  becomes  a  matter  of  some  conceni 
near  the  summit-level,  where  an  adequate  supply  of  water  in  dry  weather 
is  often  difficult  and  costly  to  obtain.     Vessels   in   being   locked  in 
succession  down,  consume  a  lockful  of  water  each,  or  the  volume  of 
water  measured  by  the  area   of  the   lock-chamber   multiplied  by  the 
height  of  lift,  less  the  water  displaced  by  the   vessel ;    and  therefore 
water  is  saved  by  having  locks  of  different  sizes,  or  an  intermediate 
pair  of  gates  for  the  smaller  vessels.     In  passing  through  a  single  lock, 
barges  locked  up  and  down  alternately,  reduce  the  consumption  to  one 
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t  flight  of  locks,  [he  expenditure  ai  water  is  less  when^ 
pass  up  or  down  in   succession.     Water  is,  accordingly, 
saved  by  having  Iwo  (lights  of  locks  side  by  side,  one  for  ascending, 
and   the  other  for  descending    barges ;   and  the  consumption    is  also 
reduced   by   placing   two   single   locks   side  by  side,  communication 
between  which  can  be  opened  or  closed  at  pleasure,  so  that  one  lock 
can  be  partially  filled  by  ihe  water  let  out  of  the  adjacent  lock,  and 
a   barge  can  enter  the   lock  which  has  the  most  suitable  water-level. 
ITie  duplication  of  the  locks,  moreover,  obviates  delays,  and  doubles 
the;  capacity  of  the  canal  for  trafEc ;  but  it  involves  a  la^e  increase  ia  J 
tbc  cost  of  the  works.    A  more  economical  method  of  saving  waterfl 
consists  in  the  fonnaiion  of  one  or  two  shallow  side  ponds  close  to  theV 
lock,  into  which  the  upper  portion  of  the   waler  in  the  lock  is  di»-l 
charged  on  emptying  Ihe  \<xV,  and  is  used  again    in  refilling  the  lowef  J 
part  of  the  lock. 

fexnside^able  saving  in  time,  water,  and  expenditure.  Is  efiected,  in 
ing  districts  where  considerable  differences  in  level  between  the 
reaches  of  a  canal  have  to  be  surmounted,  by  resorting  to  inclines  on 
land,  instead  of  numerous  locks,  up  which  barges  are  drawn  from  one 
reach  (o  the  next.     Barges  are  conveyed  on  these  inclines,  either  on  a 
cradle  running  on  wheels  on  rails  laid  along  the  incline,  or  in  water  in  a 
tank  supported  horizontally  on  a  specially  constructed  truck  running  on 
the  incline.     Power  has  to  be  provided  at  the  top  of  the  incline  for 
tuiuling  up  the  barges  with  their  cradle  or  truck  ;  but  the  power  required 
can  be  considerably  reduced  when  the  ascending  barge  can  be  counter- 
balanced  by  another   barge   descending  at   the   same   time.      Inland 
navigation  in  this  way  abandons  canals  for  short  distances,  and  resorts 
lo  the  railway  system,  a  principle  which  has  been  further  developed  on 
a  large  scale  in  Ihe  schemes  for  ship-railways. 
'         Barges  conveyed  on  Cradles  on  Inclines. — Very  small  barges 
are  conveyed  on  cars  on  two  very  steep  inclines  on  the  Shropshire  and 
Shfcwsbury  canals,  rising  213  feet  and  737  feet  respectively.     In  con- 
I  aracting  the  Morris  Canal  in  1835-31, crossingaspur  of  the  Alleghanies 
I  with  a  summit-level  of  914  feet  above  its  starting-point  on  the  Hudson 
f  River  opposile  New  York,  twenty-three  mclines  were  introduced,  with 
gradients  of  1  in  10  to  t  in  12,  and  rises  of  between  44  and  100  feet, 
the  combined  rises  of  the  inclines  on  the  two  slopes  being  1448  feet. 
The  barges,  79  feet  long,  are  carried  on  cradles,  with  eight  wheels  ruiming 
on  rails  kid  to  a  gauge  of  11^  feet,  and  hauled  up  the  inclines  by  wire 
'  ropes  actuated  by  a  water-wheel.    A  loaded  bai^e  and  its  cradle,  weighing 
I    no  tons,  arc  drawn   up  a  height  of  51  feet  in  3^  minutes,  so  that 
I   practically  no  time  is  lost  in  the  ascent;  whilst  the  water  used  in  drawing 
up  llic  barge  is  reckoned  at  one  twenty-third  of  tlmt  expended  in  locking 
I  through  a  flight  of  locks  having  the  same  lift.     Five  very  similar  inclines 
a  ■ubsequcnily  introduced  on  the  Oberlund  Canal  in  Prussia,  for  the 
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conveyance  of  barges  of  about  the  same  size  in  a  similar  manner,  the 
last  one  having  been  substituted  for  the  five  lowest  locks  on  the  caud. 
An  incline  has  been  somewhat  recently  constructed  for  connectii^ 
the  Ourcq  Canal  with  the  River  Mame  at  Beauval,  where  the  canal  is 
only  f  mile  from  the  river,  but  40  feet  above  it,  and  could  not  supply 
sufficient  water  for  working  a  flight  of  locks.  The  incline,  1476  feet  lonfe 
with  a  gradient  of  i  in  25,  has  a  line  of  rails  laid  on  it  to  a  gauge  of  6, 
feet,  on  which  laden  barges  of  75  tons  are  conveyed  on  wrought^ron 
cradles  weighing  35  tons,  which  are  drawn  up  the  incline  in  35  minutes 
by  a  wire  rope  worked  by  a  turbine  in  the  Mame  (Fig.  243). 


BARQE  ON  CRADLE. 
Fiff.  243.— Ourcq  Canal  Inclina. 
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Barges  conveyed  on  Inclines  in  Caissons  with  Water.— In 
order  to  obviate  the  possibility  of  heavily-laden  barges  being  strained  by 
being  carried  out  of  water  on  a  cradle,  the  scheme  was  devised  of  con- 
veying barges  on  an  incline  floating  in  water  in  a  caisson,  a  plan  first 
adopted  in  1 840  at  some  inclines  on  the  Chard  Canal,  where  two  caissons 
filled  with  water,  counterbalancing  one  another,  went  up  and  down  the 
incline  by  putting  an  excess  of  water  into  the  caisson  at  the  top.    In  1850, 
an  incline  similarly  worked  on  a  larger  scale,  was  constructed  to  supple- 
ment a  double  flight  of  eight  locks  at  Blackhill  on  the  Monkland  Canal 
near  Glasgow,  where  sometimes  the  supply  of  water  was  insuflScient  for 
the  traffic.     This  incline  rising  96  feet  with  a  gradient  of  i  in  10,  has  two 
lines  of  way  laid  on  it  to  a  7 -feet  gauge,  up  and  down  which  two  iron 
caissons   filled  with  water   travel,  counterbalancing  one  another,  eadi 
supi)orted  on  a  20-wheeled  truck  in  a  horizontal  position.     The  caisson, 
70  feet  long,  13^  feet  wide,  and  2^  feet  deep,  weighs  with  its  truck, 
barge,  and  water,  about  80  tons ;  and  a  barge  can  be  passed  up  the 
incline  every  eight  minutes,  making  a  saving  of  from  20  to  30  minutes 
on  the  passage  through  the  adjacent  flights  of  locks.     To  avoid  the 
oscillations  which  the  movement  of  the  caisson  on  the  incline  imparts  to 
the  barge  when  floating  freely,  the  barge  is  made  just  to  rest  on  the 
bottom  of  the  caisson.     A  larger  caisson  was  constructed  in  1876  for 
conveying  barges  of  115  tons  on  an  incline  rising  39  feet  with  a  gradient 
of  1  in  12,  for  connecting  the  Potomac  River  at  Georgetown  with  the 
Chesapeake  and  Ohio  Canal,  in  place  of  two  locks.     This  caisson,  112 
feet  long,  16^  feet  wide,  and  7^  feet  deep,  supported  on  three  trucks 
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tunning  on  four  rails  (Fig.  344},  is  counterbalanced  by  Tour  waggons 
loaded  with  stone  running  on  adjoining  rails,  and  is  drawn  up  the  incline 
in  about  three  minutes  by  wire  ropes  worked  by  a  turbine  actuated  by 
water  from  the  canal.  The  weight,  however,  of  the  caisson  with  its 
.trucks  and  load,  amounting  to  390  tons,  damaged  the  line  on  which  it 
runs,  so  that  to  reduce  the  weight,  the  water  is  let  out  of  the  caisson  as 
litoon  as  a  loaded  baige  has  entered  it  for  the  descent,  thereby  losing  the 
Til^e  for  which  the  caisson  with  its  supply  of  water  was  designed, 
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and  iiKreasing  the  time  required  for  transferring  a  barge  from  the  river 
to  the  canal.  Four  barges,  however,  can  be  readily  passed  up  the  incline 
every  hour.  On  a  new  incline  on  the  Grand  Junction  Canal,  the  counter- 
balancing caissons  with  their  barges  travel  sideways. 

Ohignecto  Ship-Railway.— An  illustration  of  the  extension  of 
Uic  principle  of  canal  inclines  to  the  conveyance  of  coasting  vessels 
across  necks  of  land  without  the  aid  of  canals,  marking  a  further  incursion 
of  ihc  railway  system  into  the  domain  of  inland  navigation,  is  furnished 
by  the  ship-railway  constructed  across  the  neck  of  land,  only  15  miles 
wide,  separating  Chignccto  Bay,  an  inlet  from  the  Bay  of  Fundy,  from 
Baie  Verle  leading  through  Northumberland  Strait  into  the  Gulf  of  St. 
Lawrence,  lo  enable  coasting  vessels  of  1000  ions  register  and  1000  tons 
dispbcement  to  avoid  a  stormy  dilour  of  500  miles  round  the  coast  of 
Hova  Scotia.  The  line  is  17  miles  in  length,  and  nearly  straight 
throughout  1  it  is  level  for  half  its  length,  and  on  the  other  half  the 
gradients  do  not  exceed  r  in  530  ;  and  the  vessels,  235  feet  long,  56  feet 
beam,  and  15  feet  draught,  after  being  raised  out  of  water  by  hydraulic 
rams,  arc  to  be  conveyed  in  steel  cradles,  in  sections  75  feet  long  each, 
ninning  on  sixty-four  solid  3-feet  wheels  on  two  lines  of  way  of  standard 
gai^ge,  placed  1 1  feet  apart  and  laid  with  steel  i  lo-lb.  rails,  at  a  speed 
not  exceeding  10  miles  an  hour.'  The  work  was  commenced  In  1885  ; 
but  in  1S91,  after  about  three-quarters  of  the  work  had  been  completed, 
the  undertaking  was  stopped  for  want  of  funds. 
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Canal  Lifts. 

A  lift  furnishes  another  method  by  which  barges  are  enabled  to 
surmount  a  considerable  difference  of  level  between  two  reaches  of  i 
canal,  both  expeditiously  and  with  only  a  small  expenditure  of  water. 
The  barge  passes  into  an  iron  trough  filled  with  water,  which  is  closed 
by  a  lifting  gate  at  each  end,  and  is  raised  or  lowered  vertically ;  and 
the  motive  power  is  mainly  obtained  by  altering  the  balance  of  the 
trough  by  letting  out  or  introducing  a  certain  amount  of  water.  Two 
types  of  these  lifts  have  been  constructed,  namely,  a  hydraulic  canal  lift 
in  which  two  troughs,  each  supported  by  a  central  hydraulic  piston, 
counterbalance  one  another,  and  go  up  and  down  alternately,  owing  to 
the  preponderance  of  the  weight  of  water  given  to  the  upper  trough ;  and 
a  floating  canal  lift  with  a  single  trough,  whose  weight  is  exactly 
supported  by  floats  immersed  in  wells  full  of  water,  so  that  any  alteration 
in  the  weight  of  the  trough,  by  removing  or  adding  water,  causes  the 
trough  to  rise  or  descend. 

Hydraulic  Canal  Lift. — Though  small  suspended  caissons, 
counterbalancing  one  another,  were  used  for  canal  lifts  in  England  in 
the  earlier  half  of  the  nineteenth  century,  the  first  hydraulic  canal  lift 
was  erected  at  Anderton  in  1875,  ^^  enable  barges  of  too  tons  to  pass 
between  the  River  Weaver  and  the  Trent  and  Mersey  Canal,  where  the 
difference  of  level  is  ^o\  feet,  and  space  was  not  available  for  a  flight  of 
locks.  ^  Each  of  the  two  troughs  is  75  feet  long,  15^  feet  wide,  contains  5 
feet  of  water,  and  is  supported  in  the  centre  by  a  ram,  3  feet  in  diameter. 
To  work  the  lift,  6  inches  depth  of  water  is  removed  by  siphons  from 
the  bottom  trough,  which  gives  a  preponderating  weight  of  13  tons  to 
the  top  trough,  causing  it  to  descend ;  and  when  the  descending  trough 
reaches  the  water  in  the  bottom  of  the  lift  pit,  the  final  lift  of  4  feet  of 
the  ascending  trough  is  effected  by  closing  the  communication  between 
the  two  presses  in  which  the  rams  work,  and  admitting  water  under 
I)ressure  into  the  press  of  its  ram.  The  lift  of  50^  feet  is  accomplished 
in  2-^  minutes ;  and  the  transference  of  a  barge  from  the  river  to  the 
canal,  and  another  barge  in  the  opposite  direction,  can  be  effected  in  8 
minutes,  with  the  expenditure  of  only  a  6-inch  layer  of  water  over  the  area 
of  the  trough.  As  the  passage  of  a  barge  through  a  flight  of  locks  ^ith 
the  same  lift  occupies  at  least  i\  hours,  a  lift  evidently  effects  a  great 
saving  of  time  and  water. 

The  hydraulic  lift  which  commenced  working  in  1888  at  Fontinette> 
on  the  Neuffosse  Canal  of  France,  to  relieve  a  flight  of  five  locks,  with  a  lift 
of  43  feet,  where  the  coal  traffic  to  Paris  by  water  is  very  large,  furnishes  an 
exami)le  of  the  extension  of  the  same  system  to  barges  of  300  tons.  The 
two  troughs  at  Fontinettes,  each  129^  feet  long,  i8f  feet  wide,  and  con- 
taining 6^  feet  depth  of  water,  supported  by  a  central  cast-iron  lain  of 
6^  feet  diameter,  working  in  a  steel  press,  descend  into  a  dry  lift  pit,  so 

^  Proceed! figs  Inst,  C.E.y  vol.  xlv.  p.  1 10,  and  plate  2. 
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jonderating  weight  of  i  foot  depth  oT  water,  amounting  to 
Rtroduced  into  the  trough  at  the  top,  continues  to  act  in  this 
he  end  of  the  descent.'  The  troughs  are  kept  in  position  by 
n  the  central  towers,  and  on  the  abutment  of  an  aqueduct  at  the 
id  ;  and  the  lift  of  43  feet  is  accomplished  in  4  minutes,  one 
oing  up  as  the  other  descends  (Fig,  245)-  A  turbine  actuated 
of  water  from  the  upper  reach,  stores  up  water  under  pressure 
stimulator,  for  raising  the  counterbalanced  lifting  gales  closing 


M  iMChesand  the  troughs,  turning  ihe  capstans  for  hauhng 
Ji  and  out  of  the  troughs,  and  for  assisting  the  raising  of  a 
e  commencement  of  work,  or  when  it  has  dropped  somewhat 
gc.  The  cost  of  this  lift  was  about  ;£68.ooo.  The  trMs- 
B  largest  barges  from  one  reach  of  the  canal  to  the  other 
toatea. 

'  Prvtitdiags  /ml.  C./i.,  vi4,  xcvi.  |i.  181. 
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Another  very  similar  lift,  for  accommodating  vessels  of  400  tODs, 
was  completed  about  the  same  time  at  La  Louvi^re  in  Belgium,  on  the 
works  of  the  Canal  du  Centre.  The  troughs  are  141  feet  long  and 
19  feet  wide,  and  are  filled  with  water  to  a  depth  of  nearly  8  feet  for 
receiving  barges  drawing  7  J  feet;  and  guides  on  light  lattice-iron  toweis 
at  the  centre  and  each  comer,  keep  the  troughs  in  position.^  The 
counterbalanced  weight  which  has  to  be  raised  is  1037  tons ;  and  the 
lift  of  50^  feet  is  accomplished  in  2j  minutes,  by  admitting  a  layer  of 
10  inches  of  water  into  the  trough  at  the  top,  giving  it  a  surcharge  of 
62  tons  ;  whilst  a  barge  can  be  transferred  from  one  reach  of  the  canal 
to  the  other  in  15  minutes.  This  lift  cost  ;/^S5,75o;  and  three  other 
similar  lifts,  with  rises  of  55^  feet,  were  intended  to  be  constructed  00 
the  canal,  for  surmounting  a  rise  of  217  feet  in  a  distance  of  only 
4-^  miles  where  water  is  scarce ;  but  owing  to  the  cost,  the  canal  works 
have  not  hitherto  been  completed. 

Floating  Canal  Lift. — A  large  canal  lift  for  surmounting  a  sudden 
rise  of  46  feet,  and  accommodating  barges  of  950  tons,- has  been  con- 
structed at  Henrichenburg  on  the  Dortmund-Ems  Canal,  opened  in 
1899.  Unlike  the  smaller,  hydraulic  canal  lifts,  this  lift  has  only  a  single 
large  trough,  230  feet  long,  28  feet  wide,  and  filled  with  water  to  a  depth 
of  8^  feet,  which  is  supported  by  five  cylindrical  floats,  27^  feet  in 
diameter,  and  33^  feet  high,  formed  of  mild  steel  plates,  floatmg  verti- 
cally in  deep  wells  filled  with  water,  and  placed  in  communication  at 
the  bottom  by  horizontal  conduits,  so  as  to  maintain  a  uniform  water- 
level  in  all  the  five  wells  ^  (Fig.  246).  As  the  floats  weigh  600  tons,  the 
trough,  with  its  lifting  gates  and  supports  erected  on  the  floats,  800  tons, 
and  the  water  in  the  trough  1 600  tons,  the  total  load  moved  is  3000 
tons  ;  and  it  is  exactly  in  equilibrium  in  the  middle  of  its  course.  The 
motion  is  obtained  by  admitting  water  to  the  trough  when  it  is  at  the 
top,  and  letting  out  water  when  it  is  at  the  bottom,  which  operations 
are  effected  by  stopping  the  rise  of  the  trough  a  little  before  its  water- 
level  attains  the  level  of  the  water  in  the  upper  reach  of  the  canal,  and 
arresting  its  descent  a  little  before  its  water-level  has  come  down  to  the 
water-level  in  the  lower  reach.  This  regulation  of  the  position  of  the 
trough,  and  the  maintenance  of  its  level,  as  well  as  its  support  in  the 
event  of  any  sudden  failure  in  buoyancy  of  the  floats,  are  accomplished 
by  two  screw  spindles  on  each  side,  all  four  being  turned  at  the  same 
rate  by  an  electric  motor.  The  trough  is  raised  or  lowered  the  full 
distance  in  2^  minutes ;  and  all  the  operations  required  for  transferring 
a  barge  from  one  reach  to  the  other,  and  returning  the  trough  to  its 
original  position,  only  occupy  15  minutes.  The  motion  is  guided  and 
kept  vertical  by  braced  uprights  on  each  side,  near  either  end,  support- 
ing the  overhead  bridge  carrying  the  electric  motor  (Fig.  246).  The 
two  adjacent  lifting  gates  closing  the  trough  and  the  canal  reach  at  eadi 

*  Proceeiiings  Inst.  C.E.^  vol.  xcv'i.  p.  184,  and  plate  6,  fig.  I  ;  and  **  Rivers  tad 
Canals,"  vol.  ii.  p.  408,  and  plate  ii,  fig.  12. 

'  Le  Ginie  Civile  vol.  xxix.  p.  16 1,  and  plate  II  ;  and  "  Festschrift  zar  Eroffimnt 
des  Dortmund -Ems- Kanals,"  1899,  pp.  4,  8,  and  12. 
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I,  are  raised,  together,  as  usual,  by  an  electric  motor ;  and  two  electric 
stans  haul  the  barges  into  and  out  or  the  trough.  The  cost  of  this 
was  ^130,000,  constituting  about  twice  the  expenditure  on  the 
est  douhle  h>-tlraulic  lifts]  but  the  lift  cnn  accommodate  much 
er  barges. 


FLOATING  CANAL  UFT. 


Canal  Lifts  compared  with  Canal  Locks  and  Inclines. — 
lal  lifts',  like  locks,  (lossess  the  advaniafte  of  keeping  the  barges 
ting  in  water,  which,  though  effected  by  horizontal  caissons  on  inclines 
amall  ba:^es,  has  not  hitherto  been  successfully  roalued  for  lai^e 
jes  in  this  method  of  transit.  For  ordinary  differences  of  level,  and 
:rc  there  is  an  ample  supply  of  water,  locks  are  preferable  to  lifts  on 
sum  of  Iheir  simplicity ;  but  where  a  considerable  difference  of  level 
to  be  surmounted  and  water  is  scarce,  lifts  possess  a  very  decided 
antage  over  locks,  both  in  elTectlng  a  considerable  acceleration  in  the 
tage  from  one  reacli  to  the  next,  as  compared  with  a  flight  of  locks, 
also  in  greatly  reducing  the  consumption  of  water.  Canal  inclines 
KSt>  similar  advantages  over  locks ;  but  they  involve  rabing  large 
jea  out  of  water,  they  necessitate  the  employment  of  much  more 
'er  for  drawing  up  the  barges  than  lifts,  and  occupy  somewhat  more 
-  in  passing  barges  from  one  reach  to  the  next.  Inclines,  however. 
much  simpler  and  far  less  costly  than  lifts ;  and  they  appear  capable 
D  considerably  greater  differences  of  level  than  lifts  could 


x^QSion  to  consid 
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possibly  attain,  and  to  much  larger  vessels  in  the  form  of  ship-railways. 
Lifts  have  not  hitherto  been  applied  to  greater  differences  of  level  than 
50^  feet,  though  greater  heights  might  be  surmounted  by  combiniog 
two  or  more  lifts ;  but  a  very  notable  simpUfication  in  their  woridi^, 
and  extension  of  their  capacity,  have  resulted  from  the  adoption  of 
the  system  of  floats  supporting  a  single  trough,  instead  of  two  troughs 
counterbalancing  each  other. 


CHAPTER   XXV. 
SHIP-CANALS. 

pecial  features  of  ship-canals  :  limitations  imposed  on  these  works — Sizes  of 
ship-canals,  width  and  depth  of  principal  ship-canals,  side  slopes — Con- 
struction of  ship-canals,  methods  of  excavation,  dredging  and  modes  of 
deposit — Protection  of  slopes,  provisions  adopted — Supply  of  water, 
sources — Bridges  across  ship-canals,  high-level,  and  movable,  instances 
— Differences  in  ship-canals,  principal  ship-canals  compared  and 
contrasted — Locks  on  ship-canals,  instances,  dimensions,  and  arrange- 
ments— Special  features  of  Suez  Canal,  Panama  Canal,  proposed 
Nicaragua  Canal,  Baltic  Canal,  Amsterdam  Canal,  Bruges  Canal, 
Manchester  Canal — Methods  of  increasing  capacity  for  traffic,  multi- 
plying passing-places,  lighting,  widening — Remarks  on  ship-canals, 
instances  of  lateral  ship-canals,  necessity  of  favourable  conditions  for 
construction  of  ship-canals. 

Hip-canals  differ  mainly  from  inland  canals  in  their  size,  on  account 
f  the  sea-goiog  vessels  which  they  have  to  accommodate,  and  in  the 
ostacles  which  the  large  works  involved  impose  against  their  penetra- 
^  far  inland,  or  traversing  districts  in  which  the  differences  of  level 
^  considerable.  Moreover,  the  size  of  channel  to  be  provided, 
^d  the  volume  of  water  contained  in  it,  preclude  the  use  of  embank- 
ments, and  therefore  necessitate  the  construction  of  the  canal  at  a  low 
^el  in  respect  to  the  land  throughout  its  length ;  and  locks  are  only 
Paringly  available,  on  account  of  the  delays  they  involve  and  their  cost. 
•*uts  also  for*'ship-canals  would  reach  prohibitive  dimensions ;  and  if 
^ines  were  'introduced,  it  would  be  as  well  to  convert  the  shipKranal 
mto  a  ship-railway.  Accordingly,  ship-canals  are  much  more  limited  in 
beir  scope,  and  in  the  opportunities  for  their  application,  than  inland 
anals.;  but  at  the  same  time,  under  favourable  conditions,  they  con- 
titute  far  more  important  works  in  most  instances,  not  only  converting 
irge  inland  towns,  at  a  short  distance  from  the  sea,  into  seaports,  but 
!so  modif)ring,  by  cutting  through  isthmuses,  the  commercial  sea  routes 
'  the  world. 

Ship-canals  by  being  in  cutting  throughout,  except  where  they  pass 
rough  lakes,  involve  in  their  construction  the  disposal  of  enormous 
lantities  of  earthwork  and  dredgings  ;  whilst  their  exposed  entrances 

the  seacoast  necessitate  costly  harbour  works  for  sheltering  them. 

2    D 
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Moreover,  ship-canals,  unlike  railways,  only  commence  to  be  useU 
when  they  have  been  completed  from  end  to  end ;  and  their  prospects 
of  traffic  are  often  less  assured,  on  accoimt  of  the  uncertainties  wfaidi 
attend  the  selection  of  routes  and  ports  by  shipping.  Accordingly,  the 
carrying  out  of  these  large  works,  except  as  Government  undertakiDgs,ii 
very  liable  to  be  hindered  by  the  difficulties  experienced  by  a  printe 
company  in  raising  the  whole  of  the  large  capital  required  on  reasoDabk 
terms. 

Sizes  of  Ship-Canals. — The  minimum  size  of  a  ship^ranal  has 
been  practically  fixed  by  the  dimensions  originally  given  to  the  Sua 
Canal,  namely,  a  bottom  width  of  72  feet  and  a  depth  of  26  feet,  this 
width  being  a  reduction  to  less  than  half  the  width  at  first  proposed,  io 


8HIP.CANAL8.    CROSS  SECTIONS. 
Fig.  247. — ^Ternauzen. 
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order  to  meet  the  financial  necessities  during  construction.  Thisbottott 
width  of  72  feet  has,  indeed,  proved  inadequate  for  the  large  and 
increasing  traffic  passing  through  the  Suez  Canal,  in  spite  of  the  pw* 
vision  of  enlarged  passing-places  for  vessels,  and  is  being  consideiablj 
increased ;  but  it  has  been  adopted  for  the  enlarged  Ghent-TemeuMfl 
Canal  (Fig.  247),  the  Baltic  and  North  Sea  Canal  (Fig.  249),  the  pcwtion 
of  the  Amsterdam  Canal  traversing  the  lakes  when  first  constructed,  S* 
Corinth  Canal  (Fig.  252),  and  the  Bruges  Canal  (Fig.  253).  The  dejA 
also  of  26  feet,  though  now  increased  to  28  feet  on  the  Suez  Canal,  and  to 
be  eventually  extended  to  29^  feet,  was  chosen  for  the  Manchester  Caiuii 
with  a  bottom  width  of  120  feet  (Fig.  248),  the  Amsterdam  Canal  throagh 
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e  lakes  originally,  though  along  the  other  parts  it  was  only  23  feet,  with 

K>ttom  width  of  88^  feet,  and  the  Corinth  Canal ;  whilst  the  Terneuzen 

id  Bruges  canals  are  only  slightly  deeper ;  the  Baltic  Canal  has  a  depth 

39^  feet;  the  enlarged  Amsterdam  Canal  30  feet,  with  bottom  widths 

82  to  105  feet  (Fig.  250);  and  the  Panama  Canal  29^  feet,  with 

>ttom  widths  of  ^^\  feet  through  soft  soil,  and  118  feet  through  rock 

'Hg.  251).    The  Suez  Canal  has  now  a  bottom  width  of  121  feet,  which 

is  proposed  eventually  to  enlarge  to  197  feet,  200  feet,  and  229^  feet 

long  different  parts  (Figs.  257  and  258,  p.  407).^ 

The  side  slopes  of  these  canals  are  varied  according  to  the  nature  of 
le  strata  they  traverse.  Thus  through  rock,  the  side  slopes  of  the 
'orinth  Canal  have  been  made  i  in  4  below  the  water-level,  and  i  in  5 
D  I  in  10  above  through  firm  rock,  and  i  to  i,  or  steeper,  through  the 
andstone  rock  on  the  Manchester  Canal;  whilst  pitched  i-^  to  i  slopes 
lave  been  adopted  generally  on  the  Manchester  Canal,  2  to  i  slopes  on 
he  enlarged  Amsterdam  Canal,  2  to  i  to  3  to  i  on  the  Baltic  Canal, 
t\  to  I  slopes  at  present  on  the  Suez  Canal,  except  through  the  rock 
ruttings,  which  are  eventually  to  be  flattened  in  very  soft  low-lying  ground 
o  4  to  I,  and  3  to  i  slopes  on  the  Terneuzen  and  Bruges  canals. 

Constraction  of  Ship-Canals. — The  wide,  long,  and  occasionally 
leep  cuttings  required  to  be  excavated  for  ship-canals,  necessitate  the 
V)rmation  of  a  series  of  tracks  for  the  passage  of  excavators  and  trains 
:>f  waggons  for  the  removal  of  the  earthwork  to  the  deposit  tips,  along 
terraces  rising  one  above  another  in  a  succession  of  steps  in  very  deep 
buttings,  like  the  Culebra  cutting  at  the  Panama  Canal  (Fig.  262,  p.  409), 
so  that  the  central  trench  and  side  slopes  may  be  simultaneously 
Excavated  at  various  levels.  Even  where  the  cuttings  are  not  particu- 
larly deep,  their  width  and  length  involve  the  employment  of  special 
Appliances  for  the  vast  masses  of  excavation  to  be  dealt  with,  so  that  at 
•he  Manchester  Canal,  about  one  hundred  excavators  of  different  types 
^ere  at  work  at  one  time  in  its  construction,  together  with  223  miles  of 
^mporary  railways,  173  locomotives,  and  6300  waggons  and  trucks; 
whilst  at  the  Chicago  Drainage  Canal  works,  where  the  cuttings 
ipproached  in  magnitude  those  of  a  ship-canal,  several  ingenious  fornis 
rf  transporters  were  used  for  raising  the  excavated  material  from  the 
>ottom  of  the  cutting,  and  depositing  it  in  high  heaps  on  the  land  along 
he  sides  (pp.  40-42). 

Dredging  is  also  very  largely  employed  for  forming  the  requisite 
:hannel  through  shallow  lakes,  or  for  forming  or  deei>cning  the 
hannel  through  low-lying  land  adjoining  the  sea  or  lakes,  in  which  the 
Iredger  cuts  its  own  flotation  as  it  advances,  or  into  which  water  has 
leen  admitted  after  the  excavation  of  the  cutting  has  been  i)artially 
arried  out.  In  some  parts  of  the  Suez  Canal,  natural  depressions,  a 
ttle  height  above  sea-level,  were  flooded  by  water  drawn  from  the 
resh-water  canal;  and  dredgers  launched  upon  these  artificial  lakes, 
ffected  the  excavation  in  stages,  the  water-level  being  lowered  as  the 
rork  proceeded;  whilst  the  portions   of  the  depressions  outside   the 

'  Proceedings  Inst.  CE.^  vol.  cxli.  plate  3. 
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limits  of  the  canal  excavations,  were  filled  with  the  dredged  material 
deposited  from  hopper  barges.  The  channel  for  the  Bruges  CauL 
traversing  the  flat,  low-lying  land  between  Bruges  and  the  North  Set) 
has  been  mainly  fonned  by  dredging. 

Whert  the  land  traversed  by  the  canal  works  is  low,  the  dep(^  of 
the  dredged  materials  on  the  side  banks  is  rapidly  and  economically 
efiected  by  long  shoots  (Fig,  14,  p.  5a),  which  were  first  used  in  con- 
structing the  Suez  Canal  through  the  shallow  lakes,  Menzaleh,  Ballah, 
and  Timsah,  and  the  low  land  near  Suez  (Figs.  355  and  356,  p.  407), 
and  have  since  been  e.xtensively  adopted,  as,  for  instance,  along  the  low- 
lying  land  of  the  Panama  Canal,  and  throughout  the  Bruges  CauL 
Floating  tubes  in  a  long  line  have  sometimes  been  employed  for  tbe 
conveyance  of  the  dredged  materiab  to  form  side  banks  when  dredging 
in  lakes,  a  system  extensively  used  in  forming  the  Amsterdam  Canal 
through  Lake  Y  and  Wyker  Meer  (Fig.  261,  p.  408).  Travelling  b»«li 
were  used  in  some  places  on  the  Manchester  Canal,  for  conveying  the 
dredged  materials  from  dredgers  in  the  canal  to  waggons  on  the  bank; 
and  where  the  banks  in  places  along  the  Suez  Canal  were  rather  too 
high  for  deposit  from  long  shoots,  elevators  projecting  with  an  upward 
inclination  of  i  in  4  over  tbe  bank  to  a  height  of  45  feet  above  the 
water-level,  were  employed,  up  which  boxes  containing  4  cubic  yardti^  1 
dredged  materials  were  drawn  by  steam-power,  and  tipped  their  conteoB  1 
on  the  land  74  feet  back  from  the  edge  of  the  canal  slope. 

Protection  of  Slopes  against  Erosion. — Though  the  regute- 
tions  for  the  traffic  oblige  large  steamers  traversing  a  ship-canal  to  p 
([uite  slowly  in  proportion  to  the  narrowness  of  the  waterway,  the  w»n 
generated  by  their  passage  breaks  upon  the  side  slopes,  and  tends  lo 
erode  the  banks  near  the  water-level.  Berms,  or  wide  benches,  Ian 
sometimes  been  formed  at  the  sides  a  little  below  the  water-level,  riiOe 


the  canil  traverses  low  l)mg  land  or  shallow  lakes  and  where  cofr 
sequent!)  the  tMaiation  is  not  much  mcreased  by  this  arrangenwl,  1 
with  tilt  object  of  sullint  the  tta\e  m  shallow  water  before  it  reaches  1 
the  bank  cMniple!,  of  «hich  art  furnished  by  the  Baltic  Canal  inlo" 
ground  (Fig.  249,  p.  402,  and  Fig.  254),  the  Amsterdam  Canal  through 
the  lakes  (Fig.  250,  p.  402),  and  the  Suez  Canal  across  Lakes  Menzaleh md 
Ballah  (Fig.  257,  jj.  407).  As,  however,  in  this  hist  instance,  the  benn 
appears  to  give  an  impetus  to  the  breaking  wave,  it  is  proposed  to  do 
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ly  with  the  berm  when  the  final  widening  is  arried  out.  Narrow 
iches  are  sometimes  introduced  to  check  slips  in  tlie  slopes,  or  to 
it  their  extent  (Figs.  149,  2^1,,  257,  and  258).  In  carrying  the 
tic  Canal  across  marshes  for  aljout  6\  miles,  where  the  ground  is 
y  soft,  an  embankment  of  sand  was  tipped  along  each  side  of  the 
al,  which,  settling  down  on  to  a  firm  stratum  of  sand  below,  formed 
lam  retaining  tlie  upper  very  soft  stratum  outside  it  from  slipping 
>  the  canal  excavations ;  and  the  upper  slope  of  the  canal,  near  the 
:er-level,  was  excavated  in  this  sand-dam,  which  also  partly  supports 
side  embankment  (Fig.  254). 

The  slopes  are  generally  protected  by  stone  pitching,  or  concrete, 
n  some  feet  below  the  water-level  to  three  or  four  feel  above  it,  to 
hstand  the  wash  of  the  waves  raised  by  passing  vessels,  a  line  of  stakes 
ng  often  driven  down  into  the  slope,  along  the  bottom  of  the  pitching, 
tecure  its  toe ;  and  the  pitching  on  the  somewhat  steep  slopes  of  the 
ilKheater  Carwl,  has  been  carried  down  to  the  bottom  of  the  canal  in 
t  ground.  The  growth  of  suitable  plants  near  the  water-line  has 
sn  found  to  have  a  protective  influence  on  the  slopes  of  the  deeper 
tings  of  the  Suei  Canal ;  and  fascine-work,  which  has  been  extensively 
d  to  protect  the  banks  in  regulating  rivers  in  Holland  and  the  United 
les,  could  be  advantageously  applied  to  preserving  the  slopes  of  ship- 
lals  near  the  water-level. 

Supply  of  Water  to  Ship-Canals.— Those  ship-canals  whose 
■mal  water-level  is  similar  to  that  of  tlie  seas  they  join,  except  for 
h  fluctuations  aa  are  produced  in  the  seas  by  tides  and  wind,  are 
ply  supplied  with  water  from  the  sea.  Ship-canals,  however,  whose 
let-level  has  to  be  raised  on  proceeding  inland,  by  means  o(  locks, 
'e  to  derive  their  supply  of  water  from  the  nearest  river.  Thus  the 
Ftions  of  the  Manchester  Canal  above  the  tidal  reach  are  fed  by  the 
»s  Mersey  and  Irwell,  which  are  to  a  large  extent  absorbed  by 
canal ;  and  it  is  proposed  to  supply  the  locked  portion  of  the 
lama  Canal  with  water  from  the  rivers  Cbagres,  Obispo,  and  Grande ; 
list  the  Nicaragua  Canal  would  be  fed  by  the  streams  flowing  into 
Ite  Nicaragua,  which  would  be  the  summit-level  of  the  proposed  canal. 
Biidgea  acrOBS  Shlp-CanalB.—Btidges  carrying  roads  and  rail- 
^  over  ship-canals  have  either  to  be  made  opening,  low-level  bridges, 
high-level  fixed  bridges,  giving  a  sufficient  headway  for  the  passage  of 
stcd  vessels  underneath  them.  Where  the  ship-canal  is  approxi- 
lely  level  with  the  land,  low-level  swing  bridges  give  no  trouble  with 
approaches,  and  are  much  cheaper  to  construct  than  high-level  fixed 
Iges  with  very  long,  costly  approaches ;  but,  on  the  other  hand, 
ining  bri(%es  are  liable  to  cause  delays  to  the  traffic,  and  involve  an 
lual  ex|>enditure  in  working.  Swing  bridges  have  been  adopted  for 
tsing  over  the  Amsterdam  Canal,  turning  on  a  pier  erected  at  the 
t  of  one  of  the  slopes ;  whilst  at  the  Manchester  Canal,  where  the 
liable  headway  is  restricted  to  81  feet  by  the  Runcorn  railway 
^e,  bailt  several  years  before  the  canal,  all  the  railways  cross  tlie 
al  on  four  high-level  bridges  with  this  headway,  and  [wo  roads  also 
U  tbe  canal  in  the  same  mannet ;  whilst  seven  roads  cross  the  canal 
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on  swing  bridges,  and  minor  roads  and  foot[>aths  are  accommodated 
by  ferries.  \Vhere  ship-canals  traverse  high  ground,  the  approach  to  a 
high-level  fixed  bridge  is  comparatively  easy ;  but  the  bridge  has  to 
span  a  much  ^^ider  cutting.  Thus  the  two  fixed  bridges  over  tbc 
Baltic  Canal,  affording  a  headway  of  137  J  feet  above  the  water-level  of 
the  canal,  have  spans  of  513  feet  and  536  feet;  and  the  single  railway 
and  road  bridge  crossing  the  Corinth  Canal,  with  a  clear  headway  of 
141  feet  above  the  water-level,  has  a  span  of  262  feet,  the  required  span 
in  this  case  being  less  owing  to  the  steepness  of  the  slopes  of  the  rod 
cutting.  Two  railways  and  one  road  cross  the  Baltic  Canal  by  swing 
bridges ;  and  the  rest  of  the  roads  are  served  by  fourteen  ferries.  The 
crossing  of  the  Bruges  Canal  has  been  provided  for  by  three  swii^ 
bridges,  two  passing  over  the  entrance  lock,  and  one  ferry ;  but  no  bridge 
of  any  kind  has  had  to  be  constructed  across  the  Suez  Canal,  owing  to 
its  position  in  the  desert  quite  away  from  frequented  routes. 

Differences  in  Ship-Canals. — The  cross  sections  of  the  water- 
way of  ship-canals  are  very  similar  (Figs.  247  to  253,  p.  402),  with  only 
such  differences  in  the  side  slopes  as  the  nature  of  the  ground  requires,  and 
such  differences  in  bottom  width  as  the  prospects  of  traffic  and  financial 
considerations  necessitate,  from  72  feet  in  most  cases,  when  passing- 
places  have  to  be  provided  at  suitable  distances  apart,  up  to  120  feet,- 
which  may  be  regarded  as  the  minimum  width  allowing  two  vessels  of 
moderate  size  to  pass  one  another  very  slowly,  and  inadequate  for  the 
largest  class  of  vessels,  which  will  only  be  able  to  pass  each  other  at  a 
fair  speed  on  the  Suez  Canal  when  its  proposed  widening  has  been  fuDy 
completed  (Figs.  257  and  258,  p.  407). 

The  variable  conditions,  however,  of  the  sites,  such  as  the  width  of 
the  intervening  land  to  be  cut  through,  the  general  character  and 
height  of  the  ground  above  the  proposed  trench  of  the  canal,  the 
variations  in  the  level  of  the  sea  at  the  entrances,  the  exposure  of  the 
approaches,  and  the  extent  of  interference  with  vested  interests,  as  for 
instance  roads,  railways,  navigations,  and  drainage  crossed  by  the  ( anal, 
produce  great  differences  in  the  nature,  extent,  conditions,  and  cost  of 
the  works  required  for  the  construction  of  a  ship-canal  easy  of  access 
and  convenient  for  navigation. 

The  Suez  Canal  and  the  Corinth  Canal  are  both  perfectly  open  channels 
connecting  two  seas,  formed  by  cutting  a  channel  across  their  respective 
isthmuses ;  but  whilst  the  Suez  Canal,  100  miles  long,  traverses,  for  a 
great  ])ortion  of  its  length,  low-lying  lands  very.little  above  sea-level»aml 
several  depressions  below  sea-level  which  it  has  converted  into  lakes 
and  the  highest  land  on  the  route  is  only  about  80  feet  above  the  bottom 
of  the  Canal  (Figs.  255  and  256),  the  Corinth  Canal,  only  4  miles  long, 
l)asses  through  a  neck  of  land  rising  in  the  centre  to  an  elevation  of 
286  feet  above  the  bottom  of  the  canal.     Currents  occur  in  both  canals, 
due  in  great  measure  to  alterations  in  the  sea-level  at  the  ends,  pro- 
duced chiefly  l)y  wind,  and  also,  to  some  extent,  by  tidal  oscillations,  which, 
though  very  small  in  the  Mediterranean  Sea,  attain  4 J  feet  at  Suez,  and 
cause  currents  in  the  southern  part  of  the  Suez  Canal  as  far  as  the 
Bitter  Lakes.     The  entrances  to  the  Corinth  Canal  have   been  both 
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protected  by  breakwaters,  under  whose  shelter  approach  channels  hm 
been  dredged ;  and  the  Port  Said  entrance  to  the  Suez  Canal  has  been 
protected  by  large  breakwaters,  the  western  breakwater  servii^  also  to 
shelter  the  drec^ed  approach  channel  from  the  easterly  littoral  drift, 
which,  however,  has  constantly  to  be  maintained  by  dredging  (Figs.  259 
and  260,  p.  407).  The  Suez  Canal  works,  situated  in  the  desert,  had  to  be 
supplied  with  every  requisite  from  a  long  distance ;  and  the  fresh-water 
canal  bringing  fresh  water  from  the  Nile  to  the  works,  formed  a  very 
necessary  preliminary  undertaking,  not  only  for  supplying  fresh  water, 
but  also  for  the  conveyance  of  plant  and  provisions  to  the  site. 

The  Suez  and  Corinth  canals  are  the  only  instances  of  open 
channels ;  for  the  Amsterdam  and  Baltic  canals  have  locks  at  each  end, 
and  the  Temeuzen  Canal  has  a  lock  near  its  entrance  from  the  River 
Scheldt,  with  gates  pointing  both  ways  for  controlling  and  regulating 
the  water-level.  The  rolling  caissons  closing  the  lock  near  the  sea  end 
of  the  Bruges  Canal,  serve  the  same  purpose;  whilst  the  Panama  and 
Nicaragua  canals  are  only  designed  to  be  open  to  the  sea  at  each  end  as 
far  as  the  first  locks ;  and  the  tidal  reach  of  the  Manchester  Canal  is  onhr 
exposed  to  tidal  influences  for  a  short  period  before  high  water  of  spring 
tides,  not  exceeding  if  hours  at  the  highest  tides. 

The  Amsterdam  Canal,  about  16  miles  long,  and  the  Baltic  Canal, 
61^  miles  long,  are  both  kept  at  a  fairly  constant  level  between  their 
controlling  locks  at  either  end.     The  Amsterdam  Canal  was  constructed 
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through  shallow  lakes  for  about  10^  miles  from  Amsterdam,  and  for  the 
rest  of  the  distance  across  a  belt  of  sand-dunes  separating  the  lakes  from 
the  Nortb  Sea,  and  rising  to  a  maximum  height  of  95  feet  above  the 
bottom  of  the  canal  (Fig.  261);  whilst  the  Baltic  Canal  was  carried 
through  some  small,  deep  lakes,  and  across  land  of  very  variable  height 
in  the  Eider  basin,  and  through  a  long  stretch  of  low,  marshy  ground 
lying  between  the  Elbe  and  the  ridge  separating  the  basins  of  the  Elbe 
and  the  Eider,  in  traversing  which  ridge  the  deepest  cutting,  with  a 
maximum  depth  of  108  feet,  had  to  be  excavated.  The  shallow  lakes 
traversed  by  the  Amsterdam  Canal,  were  reclaimed  by  aid  of  the  banks 
formed  at  the  sides  of  the  canal  by  sand  excavated  from  the  cutting  at 
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le  western  end,  and  subsequently  by  the  material  dredged  from  the 
ikes ;  and  the  lakes  along  the  Baltic  Canal  had  their  water-level 
>wered  to  that  of  the  canal,  and  were  partially  filled  up  and  reclaimed 
>y  the  excavations  for  the  canal.  The  western  entrance  of  the  Baltic 
}anal,  being  situated  on  the  Elbe  estuary,  through  which  it  is  in 
ommunication  with  the  North  Sea,  and  the  eastern  entrance  in  Kiel 
larbour,  a  sheltered  creek  of  the  Baltic  Sea,  no  protective  works  were 
ceded  at  either  end ;  but  two  converging  breakwaters  had  to  be 
onstnicted  to  shelter  the  western  approach  to  the  Amsterdam  Canal, 
n  the  perfectly  open  North  Sea  coast,  and  to  protect  the  dredged 
hannel  across  the  foreshore  from  the  inroad  of  drifting  sand  (Fig.  261). 

The  Temeuzen  Canal  going  from  the  Scheldt  estuary  at  Terneuzen 
>  Ghent,  and  the  Bruges  Canal  connecting  Bruges  with  the  North  Sea, 
oth  traverse  quite  flat,  low-lying  land  throughout  their  whole  lengths  of 
bout  2o|  miles  and  7^  miles  respectively,  and  are  therefore  exceptionally 
ivourably  situated ;  but  whereas  the  Terneuzen  Canal  has  been  gradually 
nlarged  to  provide  for  the  growth  of  traffic  and  the  increasing  require- 
lents  of  Ghent,  the  Bruges  Canal  is  quite  a  new  work  recently  completed. 
lie  entrance,  however,  to  the  Temeuzen  Canal  in  the  Scheldt  estuary 
;  well  sheltered ;  whilst  the  entrance  to  the  Bruges  Canal  on  the  North 
lea  coast,  has  to  be  protected  by  a  large  breakwater,  in  course  of  con- 
tniction,  curving  roimd  from  the  shore  on  the  south-west  side  till  it 
overs  the  entrance  (Fig.  307,  p.  472). 

The  Manchester  Canal  is  the  first  regular  ship-canal  which  has  been 
instructed  with  reaches  at  different  levels,  surmounted  by  locks ;  but 
he  Panama  Canal,  partially  constructed,  is  now  designed  to  ascend  by 
ocks  to  a  summit-level  in  the  Culebra  cutting,  for  reducing  the  excavation 
:onsiderably,  and  thus  diminishing  the  cost  (Fig.  262) ;  and  the  proposed 
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Nicaragua  Canal  would  have  to  rise  by  locks  on  each  slope  to  the  level 
f  Lake  Nicaragua.  The  Manchester  Canal,  however,  35  miles  long, 
nly  penetrates  this  distance  inland  to  serve  Manchester,  rising  with  the 
eneial  upward  slope  of  the  land  (Fig.  263) ;  whereas  the  Panama  Canal, 
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46^  miles  long,  and  the  Nicaragua  Canal,  169-^  miles  long,  are  each 
designed  to  cut  through  the  isthmus  of  Panama  at  the  two  most  fovour* 
able  sites,  surmounting  the  central  ridge  separating  the  Atlantic  and 
Pacific  slopes  by  means  of  locks,  placed  much  closer  together  on  the 
steeper  Pacific  slope,  and  thus,  like  the  Suez  Canal^  by  doing  away  with 
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the  necessity  of  a  great  detour  to  the  south,  to  alter  and  shorten  some 
of  the  shipping  routes  of  the  world. 

Locks  on  Ship-Canals. — The  locks  on  ship-canals,  whether 
regulating  or  lifting,  should  be  made  adequately  wide,  and  with  a 
sufficient  length  between  the  gates,  to  admit  the  largest  vessels  capable 
of  navigating  the  canal,  though  in  the  case  of  a  regulating  lock,  it  would 
be  possible  for  a  longer  vessel  to  pass  through  when  the  water  outside 
is  level  with  the  canal ;  whilst  the  sills  of  the  locks  should  be  at  least 
level  with  the  bottom  of  the  canal,  and  may  with  advantage  be  placed 
two  or  three  feet  lower  if  there  is  any  prospect  of  a  subsequent  deepening 
of  the  canal  to  this  extent.  Thus  a  new  lock  has  had  to  be  constructed 
in  a  side  cut  near  the  North  Sea  entrance  of  the  Amsterdam  Canal, 
with  an  available  length  of  740  feet,  a  width  of  82  feet,  and  a  depth 
over  the  sills  at  low  tide  of  30^  feet,  as  the  original  large  North  Sea 
lock,  393  feet  long,  59  feet  wide,  and  23^  feet  depth  of  water  over  the 
sills,  had  become  quite  inadequate,  in  the  course  of  about  twenty  years, 
for  the  increased  sizes  of  vessels,  and  the  enlarged  and  deepened  canal; 
whilst  the  locks  on  the  Manchester  Canal  have  been  constructed  with 
sills  placed  2  feet  lower  than  the  bottom  of  the  canal,  to  allow  of  a  future 
deepening  of  the  canal  to  28  feet. 

The  regulating  locks  at  each  end  of  the  Baltic  Canal  have  been  made 
double,  to  provide  for  the  simultaneous  passage  of  incoming  and  out- 
going vessels ;  and  each  lock  is  furnished  with  three  double  pairs  of 
gates  pointing  in  both  directions,  to  admit  of  locking  up  and  down  in 
reverse  directions,  according  to  the  relative  levels  of  the  water  in  the 
canal  and  outside,  and  to  enable  smaller  vessels  to  be  passed  through 
with  less  delay  by  using  the  central  intermediate  pairs  of  gates  (Fig.  264), 
an  arrangement  also  adopted  in  the  new  Amsterdam  Canal  lock,  with  the 
two  intermediate  pairs  of  gates  placed  nearer  the  lower  end  to  adftpt  the 
lock  better  for  accommodating  vessels  of  various  lengths.    The  locks  have 
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ID  available  length  of  492  Teet,  a  width  or  83  feet,  and  a  depth  o 
lill  of  3i3'  feet  with  the  normal  water-level  in  the  canal ;  and  each  lock 
ii  provided  with  a  longitudinal  sluiceway  and  twelve  lateral  openings 
in  each  side  wall,  to  ensure  the  rapid  filling  and  emptying  of  the  lock- 
cbamber  '  (Figs.  264  and  265),  The  length  provided  is  somewhat  short, 
ID  view  of  the  increasing  dimensions  given  of  late  years  to  the  larger  class 
of  sea-going  vessels ;  but  the  Holtenau  Locks  at  the  Baltic  end  of  the 
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il  are  usually  kept  open,  so  long  as  the  water-level  in  the  Baltic  does  j 
not  differ  from  its  mean  level  (which  is  the  normal  water-level  of  the 
ouial)  by  more  than  i^  feet,  the  main  variations  being  caused  by  wind  ; 
and  though  the  Bnmsbiittel  Locks  are  generally  closed  against  the  tides 
in  the  Elbe,  having  a  maximum  range  of  17^  feet,  they  can  occasionally 
be  fully  opened  for  a  short  period  when  the  conditions  are  favourable. 

The  entrance  lock  to  the  Bruges  Canal,  with  its  pair  of  rolling 
catsKOns,  each  capalile  of  holding  up  3  head  of  water  on  either  side, 
like  a  ilouhle  pair  of  onlinary  lock-gates  pointing  in  opposite  directions, 
maintains  the  normal  water-level  in  the  canal,  and  excludes  the  tidal 
oscillations  of  the  North  Sea  ;  and  vessels  can  be  locked  into  or  out  of 
1  canal,  both  up  and  down,  according  to  the  relative  levels  of  the 
'   r  in  the  canal  and  outside  (Figs.  a66  and  167).     The  lock  has  1 

,0cB«UdiledesN'inl-OHt<TC-Kntinlt,"Ciirl  Loew*.  Berlin.  tS?!- flair*  3  and 4., 


411  LOCKS  OS  BKUCES  AND  MANCHESTEK  CANALS. 

bono-  .id*  „,  83{  f«,  ^ ,  t^'z-^^j^^^-^^^ 


EMTRAIKE  LOCK.  BRUGES  CAMAL 


over  the  sills  of  39^  feet  with  the  nonnal  water-level  in  the  canal, 
niimittiog  of  an  increase  in  the  depth  of  the  canal  of  about  three  feei 
when  required'  Thecaissons,  worked  by  clectricitj',  can  be  drawn  inro 
or  i>«t  of  their  chamber  in  about  two  minutes  for  opening  or  closing  the 
kx'lt  (Figs,  366  and  368,  and  Fig.  399,  p.  463). 

Twi>  locks  of  different  dimensions,  placed  side  by  side,  and  adi 
luniishet.1  with  a  pair  of  intennediate  gates,  have  been  constructed  »l 
:!n-  li.iur  changes  of  level  on  the  Manchester  Canal  (Fig.  363,  p.  410), 
tvV  facilitatini:  and  expediting  the  passage  of  vessels  of  different  sires.' 
The  laiyo  locks  have  chambers  600  feet  long  and  65  feet  wide,  and  the 
>:r„i!i  locks  350  feet  by  45  feet ;  and  their  sills  are  placed  a$  feet  bekw 
:V  ntimiat  water-level  of  the  canal ;  whilst  their  lifts  vary  from  13  fe« 
;v>  loj  feet  (Figs.  369  and  370).  As  the  rivers  Mersey  and  Irwell  b»« 
livii  taken  into  the  canal,  provision  has  been  made  for  the  discha^ of 
:ht-ir  surplus  water  during  floods,  through  sluice  openings  built  alongside 
tho  livks,  closed  by  counterbalanced  sluice-gates  sliding  on  free  rollas, 
Hhiih  serve  to  regulate  the  dischaige.  Three  locks  of  different  diiwn- 
Moiis,  without  intermediate  gates,  admit  vessels  from  the  Mersey  estiuw 
HKi>  iho  tidal  reach,  and  together  with  two  sluice  openings  alongside, 
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ifibrd  passages  for  the  influx  of  the  tide  2 1  miles  up  the  canal,  to  the 
list  lifting  lock,  when  it  rises  above  the  water-level  in  the  canal.  ThesQ 
ocks  have  chambers  600  feet  by  80  feet,  350  feet  by  50  feet,  and  100 
eet  by  32  feet,  whilst  the  inner  sill  of' the  kuge  lock  is  28  feet  below  the 
lormal  water-level  in  the  canal,  and  the  outer  sill  1 1  feet  lower,  to  admit 
vessels  at  a  low  state  of  the  tide  whenever  the  approach  channel  shall 
lave  been  adequately  deepened  by  dredging.     Protection  against  waves 

BARTON   LOCKa   MANCHESTER  CANAL. 
Fig.  260.— Plan  of  Locks  and  Sluices. 
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coming  up  the  estuary  has  been  afforded  by  a  pair  of  reverse  gates  near 
the  outer  end  of  each  of  these  three  locks ;  but  the  closing  of  these  gates 
against  high  tides  is  not  allowed. 

Special  Features  of  some  of  the  Principal  Ship-Canals. — 
Some  of  the  interesting  features  of  the  Suez  Canal,  such  as  its  isolated 
position,  the  necessity  of  providing  a  fresh-water  canal,  and  the  protection 
of  the  banks  of  the  canal,  have  been  already  alluded  to  ;  whilst  the  general 
features  of  the  work  are  illustrated  by  Figs.  2  5  5  to  2  60,  p.  407 .  As  regards 
the  canal  itself,  the  chief  difficulties  experienced  in  its  construction  were 
the  extent  and  magnitude  of  the  excavations  in  a  locality  quite  devoid 
of  resources,  and  the  much  larger  cost  of  the  works  than  originally 
estimated ;  whilst  the  widening  of  the  canal  has  involved  the  removal 
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of  rock  under  water  in  the  rock  cuttings  between  the  Bitter  Lakes  and 
Suez,  which  has  been  effected  by  first  breaking  up  the  rock  by  die 
repeated  blows  of  rock-breaking  rams  (Fig.  13,  p.  51).  The  low  level, 
tor  the  most  part,  of  the  land  traversed,  and  the  extensive  depressions  on 
the  route,  together  with  the  circumstance  that  no  locks  or  bridges  were 
required, constituted  ver>'  favourable  conditions;  and  the  chief  engineerii^ 
ditheuUy  has  been  the  formation  and  maintenance  of  an  approach  channel 
across  the  sandy  foreshore  between  deep  water  in  the  Mediterranean  and 
the  canal  at  Port  Said,  in  a  locality  exposed  to  drift  along  the  coast  due 
to  the  prevalent  westerly  winds  and  the  turbid  current  from  the  Nile. 
Thoujjli  the  western  breakwater  protects  the  channel  dredged  under  its 
>helter  from  the  drift,  there  appeared  a  danger  during  the  earlier  years 
that  the  pri>gression  of  the  shoreline  produced  by  the  arrest  of  the  drift, 
luif^ht  be  so  ra[)id  as  to  cause  sand  to  heap  up  against  the  breakvt'ater  at 
its  upper  end,  and  be  carried  over  into  the  harbour,  and  also  might 
eventually  lead  to  the  formation  of  a  shoal  in  front  of  the  channel  round 
the  outer  end  of  the  breakwater  (Fig.  259,  p.  407).  The  rate  of 
advance,  however,  of  the  shoreline  gradually  diminished;  and  its 
l)rogress  has  been  checked  of  late  years  by  forming  openings  in  the 
upjxT  jwrt  of  the  breakwater,  through  which  some  of  the  drifting  sand 
jusses  and  deposits  in  the  channel,  from  which  it  is  readily  removed 
by  dredging.  Nevertheless,  shoaling  is  taking  place  in  front  of  the  har- 
bour, as  i>roved  by  the  receding  of  the  lines  of  soimding  seawards,  which, 
ihougli  it  has  not  as  yet  impeded  the  access  to  the  dredged  approach 
channel,  may  in  time  necessitate  an  extension  of  the  western  breakwater 
to  enable  the  depth  to  be  maintained  by  dredging  under  its  shelter. 

A  canal  across  the  isthmus  of  Panama  is  the  only  undertaking  com- 
]uiral)Ie  with  the  Suez  Canal  in  importance,  whilst  exceeding  it  in  some 
resjK-'ctN  in  the  magnitude  of  the  works  involved.  The  principal 
engineering  dithculties  in  the  way  of  carrymg  out  the  Panama  CanaJ 
have  been  the  immense  mass  of  earthwork  required  for  cutting  through 
the  central  ridge,  which  would  have  involved  a  cutting  with  a  maximum 
dc])th  of  346  feet  for  a  level  canal,  in  a  very  unhealthy  climate^  and 
e\j)osed  to  tropical  rains,  where  the  upper  strata  consi.st  of  verj* 
treacherous  clays  and  schists,  and  the  high,  sudden  floods  of  the  River 
Chagres  which  crosses  the  line  of  the  canal  in  several  places.  The 
adoption  of  the  design  with  locks  has  greatly  reduced  the  amount  of 
excavation,  and  the  difficulty  of  dealing  with  the  floods  of  the  Chagres, 
and  has  rendered  the  scheme  practicable  (Fig.  262,  p.  409),  especially 
as  firm  rock,  not  dithcult  to  excavate,  has  been  reached  in  the  Culehia 
cutting,  so  that  it  has  been  suggested  that  the  cutting  might  be  carried 
down  deep  enough  to  dispense  with  the  highest  lock  on  each  slope,  wth 
the  bottom  of  the  top  reach  of  the  canal  only  68  feet  above  sea-level 
In  the  Nicaragua  scheme,  the  occurrence  of  an  earthquake  might 
endanger  the  stability  of  the  dams,  by  the  construction  of  which  it  is  pro- 
posed to  impound  the  river  waters,  and  thereby  convert  a  considerable 
portion  of  the  course  of  the  canal  into  lake  navigation ;  a  ridge  is  en- 
countered about  20  miles  from  the  Atlantic,  which  would  involve  a  cutting 
328    feet  deep,  in  a  district  where  the  rainfall  is  very  heavy;  and 
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the  proposed  harbour  at  GreytOHii  would  be  difficult  to  form  and  main- 
tain, as  it  is  within  the  influence  of  the  deltaic  deposits  of  the  San  Juan 
River. '  Nevertheless,  provided  these  apparent  objections  to  the  Nicaragua 
Canal  can  be  obviated,  the  site  possesses  the  great  advantage  for  the 
United  States,  of  being  280  miles  nearer  the  United  States  on  the  Atlantic 
side,  and  670  miles  nearer  on  the  Pacific  coast,  than  the  Panama  Canal. 

The  construction  of  the  Baltic  Canal  necessitated  large  (excavations 
through  the  higher  ground  along  the  eastern  portion  of  the  canal,  and 
in  the  ridge  separating  the  basin  of  the  Eider  from  the  Elbt; ; '  and 
the  formation  of  the  canal  through  the  soft,  marshy  ground  leading  to 
the  Elbe,  was  a  troublesome  work,  involving  the  consolidation  of  the 
slopes  by  sand-dams  (Fig.  254,  p.  404) ;  but  the  sheltered  position  of 
both  entrances  relieved  this  canal  from  any  necessity  for  harbour 
works. 

The  .'Vmsterdam  Canal,  with  variations  of  the  water-level  at  its 
entrances  ver)'  similar  to  those  at  the  Suez  Canal,  as  the  changes  of 
level  in  the  Zuider  Zee  are  almost  wholly  caused  by  wind,  and  the  tidal 
range  at  the  North  Sea  entrance  is  only  about  5^  feet,  has,  nevertheless, 
had  to  be  provided  with  regulating  locks  at  both  ends,  to  maintain  the 
canal  at  the  low  level  of  only  14  inches  above  low  water  in  the  North 
Sea,  for  the  sake  of  the  drainage  of  the  low-lying  lands  into  it,  the  canal 
having  been  shut  off  from  the  Zuider  Zee  by  a  dam  in  which  the  eastern 
locks  are  placed  (Fig.  261,  p.  408).  Owing  to  the  reclamation  of  the 
lakes,  branch  canals  had  to  be  formed  to  maintain  water  communicati(Mi 
with  Amsterdam  for  the  villages  formerly  bordering  the  lakes ;  and  as  the 
drainage  waters  which  u.sed  to  flow  into  the  lakes,  and  also  those  pumped 
from  the  reclaimed  lands,  jxtss  into  the  canal,  provision  has  been  made 
for  their  removal  by  pumps  placed  alongside  the  eastern  locks,  and  by 
opening  sluice-gates  alongside  the  hxrks  at  each  end,  for  the  outHow  of 
the  surplus  water  whenever  the  level  of  the  water  outside  is  low 
enough.  The  breakwaters  in  the  North  Sea  constituted  a  large  auxiliary 
work,  costing  more  than  one-third  of  the  whole  original  ex])enditure, 
under  shelter  of  which  a  channel  has  to  be  maintained  by  dredging. 

The  breakwater  in  construction  in  the  North  Sea  at  the  entrance  to 
the  Bruges  Canal,  7340  feet  long,  forms  by  far  the  most  important 
feature  of  the  works,  with  its  oj)en  viaduct  across  the  liigher  foreshore 
to  avoid  interference  with  the  littoral  currents,  and  the  huge  <  oncrete 
blocks  of  2000  to  4400  tons  forming  the  foundations  of  the  harbour 
and  sea  walls  of  the  solid  breakwater ;  but  this  breakwater  i>  intended, 
not  merely  to  shelter  the  approach  to  the  canal,  but  alst)  to  form  a  i)ort 
of  call  for  passing  steamers  (Fig.  307,  p.  472,  and  Y'v^.  315,  p.  478). 

The  Manchester  Canal  exhibits  the  unicjue  peculiarity  of  a  reach, 
21  miles  long,  which  becomes  fully  open  to  the  tide  in  the  Mersey 
estuary,  at  the  Eastham  entrance,  for  the  final  rise  of  between  7  and 
8  feet  by  which  the  highest  spring  tides  surpass  the  normal  water-level 
of  this  reach  (Fig.  263,  p.  410).     The  canal  along  this  reach  borders 

'  **  Rivers  and  Canals,"  vi»l.  ii.  plate  13,  figs.  9  and  10. 
*  Ibid,^  vol.  ii.  plate  12.  figs.  12  and  ij. 
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the  estuan',  and  has  for  some  distance  in  places  been  reclaimed  from 
the  foreshore  of  the  estuan*  by  lines  of  embankments  across  bays, 
formed  by  tipping  material  from  the  excavations,  and  protected  on  die 
outer  1 7  to  I  slope  by  pitching;  and  these  embankments  separate  die 
canal  from  the  estuan*.  The  admission  of  the  tidal  water  into  the  canal 
was,  accordingly,  arranged  to  compensate,  as  far  as  practicable,  for  the  loss 
of  tidal  capacity  in  the  estuar>'  resulting  from  these  reclamations.  The 
upper  layer  of  water  thus  admitted  into  this  long  reach  at  the  highest  tides, 
is  let  out  again  higher  up  the  estuar>*  through  sluice  openings  built  in 
the  outer  embankments  enclosing  the  canal,  controlled  by  sluice^tes 
sliding  on  free  rollers,  and  chiefly  through  the  ten  sluices  each  30  feet 
wide  in  front  of  the  River  Weaver,  which  has  been  shut  oflf  from  the 
estuar>*  by  the  canal  embankment ;  and  the  gates  of  these  sluices,  which 
can  be  raised  13  feet  above  their  sills,  also  enable  the  water-level  of  the 
canal  to  be  regulated  during  floods  of  the  River  Weaver,  which  flow  into 
the  canal,  by  discharging  the  surplus  water  into  the  estuary.  The  tidal 
influx  creates  strong  currents  through  the  narrowed  section  of  the  canal, 
constructed  with  nearly  vertical  sides  through  rock,  for  a  short  period 
before  high  water  of  the  highest  tides,  which,  though  not  .barring  the 
passage  of  vessels,  is  inconvenient,  and  might  have  been  avoided  if  the 
tide  could  have  been  excluded,  and  a  second  pair  of  reverse  gates  placed 
at  the  upper  end  of  each  of  the  Eastham  locks,  to  enable  vessels  to  be 
locked  down  into  the  canal  near  high  water  during  the  highest  tides. 
The  Bridge  water  Canal  is  carried  across  the  ship-canal  in  a  swing 
aqueduct,  which  consists  of  a  trough  with  lifting  gates  at  the  ends, 
similar  to  the  troughs  of  canal  lifts,  with  the  sole  exception  that  the 
trough  ill  this  case  is  turned  on  a  central  pier  in  the  ship-canal  round  a 
quarter  of  a  circle,  to  open  the  [passage  along  the  ship-canal,  or  in  the 
reverse  direction  to  enable  barges  on  the  Bridgewater  Canal  to  pass 
over  the  shii)-canal,  instead  of  being  raised  or  lowered  vertically  from 
one  reach  to  another.  Various  other  works  also,  in  addition  to  bridges, 
had  to  be  constructed  to  avoid  interference  with  the  many  vested 
interests  which  exist  in  such  a  district  as  that  traversed  by  the 
Manchester  Canal,  as  for  instance  locks  in  the  canal  embankments  to 
preserve  the  access  of  certain  places  with  the  estuary,  and  siphons  to 
maintain  the  discharge  of  streams  into  the  estuar)*. 

Methods  of  increasing  the  Capacity  of  Ship-Canals  for 
Traffic. — Since,  with  the  exception  of  the  Manchester  Canal,  ship- 
canals  have,  for  the  sake  of  reducing  their  cost,  been  constructed  in  the 
tirst  instance  only  of  just  adequate  width  for  the  passage  of  a  single 
vessel  at  a  time,  with  passing-places  at  intervals,  their  capacity  for  traffic 
is  necessarily  limited,  owing  to  the  delays  at  the  passing-places  to  allow 
vessels  coming  in  opposite  directions  to  cross,  and  clear  the  adjacent 
sections  of  the  canal,  resembling  the  essential  regulation  of  the  traffic 
on  a  single  line  of  railway.  The  simplest  expedient  for  shortening  the 
time  of  transit,  and  thus  increasing  the  capacity  of  a  ship-canal  when  the 
traffic  becomes  congested,  is  the  augmentation  of  the  number  of  passing- 
places,  and  the  consequent  shortening  of  the  intervening  sections  of  the 
canal  which  vessels  have  to  traverse  in  one  direction  at  a  time. 
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Another  plan  of  facilitating  the  traffic  consists  in  the  lighting  of  a 
lip-canal  with  electric  lamps  and  light-giving  huoys,  to  enable  vessels 
>  navigate  a  narrow  waterway  by  night  as  well  as  by  day.  By  estab- 
shing  leading  lights  and  light-giving  buoys  along  the  Suez  Canal  in 
886,  and  making  vessels  carry  four  powerful  electric  lights,  it  became 
lossible  to  navigate  the  canal  safely  by  night,  whereby  the  capacity  of 
he  canal  for  the  passage  of  vessels  has  been  nearly  doubled.  The  Baltic 
3aiial  has  been  lighted  at  night  from  the  commencement,  with  electric 
imps  on  the  banks,  and  by  light-giving  buoys  through  the  lakes. 

The  final  and  most  effective  means  of  augmenting  the  capacity  of  a 
hip-canal  is  by  widening  the  canal  sufficiently  for  two  of  the  largest 
ressels  navigating  it  to  be  able  to  pass  one  another  easily  at  any  place, 
rhich  is  the  method  gradually  being  carried  out  on  the  Suez  Canal 
Figs.  257  and  258,  p.  407) ;  but  in  this  case,  allowing  a  sufficient  space 
)etween  two  of  the  largest  class  of  vessels  passing  each  other,  and  a 
uitable  margin  on  the  outside  from  the  line  of  buoys  marking  the  deep 
liannel,  it  has  been  considered  advisable  to  provide  a  bottom  width  of 
197  feet,  which  is  to  be  increased  to  230  feet  where  the  tidal  currents 
jie  experienced  between  the  Bitter  Lakes  and  Suez,  with  an  augmenta- 
ion  of  these  widths  round  curves.  This  widening  will  not  only  enable 
'essels  to  pass  one  another  at  a  fair  speed  without  danger  of  collision, 
bus  doing  away  with  all  the  delays  at  passing-places ;  but  it  will  also 
nable  steamers  to  pass  along  the  canal,  when  the  way  is  clear,  at  a  much 
;reater  speed  than  at  present,  without  creating  such  a  wash  as  to  injure 
lie  slopes,  and  without  experiencing  to  any  extent  the  retarding 
nfluences  affecting  vessels  navigating  a  shallow  and  restricted 
raterway. 

Remarks  on  Ship-Canals. — In  addition  to  the  types  of  ship- 
anals  of  which  examples  have  been  given,  namely,  ship-canals  at  a 
niform  level  traversing  low  ground,  the  Manchester  Canal  rising  by 
xdcs  inland,  and  the  Panama  and  proposed  Nicaragua  canals  rising  on 
ach  side  with  locks  to  a  summit-level,  and  thus  surmounting  a  dividing 
idge»  there  are  instances,  on  a  smaller  scale,  of  lateral  canals  navigated 
y  sea-going  vessels,  in  place  of  maritime  rivers.  Thus  a  canal  has  been 
onstnictcd  alongside  a  portion  of  the  Loire  estuary,  93^  miles  long,  with  a 
ottom  width  of  78^  feet,  and  a  depth  generally  of  19^  feet,  connected 
ith  the  tidal  estuary  at  each  end  by  a  regulating  lock,  to  enable  vessels 
ading  with  Nantes  to  avoid  the  tortuous,  shallow,  shifting  channel 
irough  the  central  portion  of  the  Loire  estuary  encumbered  with  sand- 
anks.  A  deep  outlet  also  has  been  provided  for  vessels  navigating  the 
iione,  by  the  St.  Louis  Canal,  which  is  used  in  place  of  the  outlet 
lannel  of  the  river,  which  is  impeded  by  a  bar.  This  canal  starts  from 
le  left  bank  of  the  river,  4  miles  above  the  mouth  of  the  river ;  it  is  a 
ttle  over  2  miles  long,  and  has  a  bottom  width  across  the  land  of 
5^  feet,  rapidly  widening  out  in  traversing  the  foreshore  to  656  feet  at 
i  termination  in  the  sea,  and  a  depth  at  the  lowest  sea-level  of  19^ 
et ;  and  it  is  shut  off  from  the  turbid  river  current  l)y  a  lock  at  its 
iper  end,  pointing  down-stream. 
The  configuration  and  nature  of  the  ground  affect   so  much  the 
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excavations  required  for  ship-canals,  the  physical  conditions  at  their 
entrances  determine  so  largely  the  extent  and  cost  of  the  harbour  woiis 
which  may  be  needed,  and  the  incidental  works  vary  so  greatly  with  the 
special  circumstances  of  the  locality  traversed  by  the  canal,  that  it  would 
be  impossible  to  compare  the  various  ship-canak.  The  works  also,  as  i 
whole,  for  ship-canals  are  of  such  magnitude  that  they  cannot  be  profit- 
ably imdertaken,  except  where  the  conditions  are  specially  favourable,  or 
the  prospects  of  traffic  very  large.  Accordingly,  though  several  schemes 
for  further  ship-canals  have  been  brought  forward  from  time  to  time,  and 
some  of  them  may  eventually  be  carried  out,  such  works  must  necessarily 
always  remain  somewhat  limited  both  in  number  and  extent. 


CHAFFER  XXVI. 

IRRIGATION  WORKS. 

bjects  of  irrigation  works — Sources  of  irrigation  water — Tanks  collecting 
rainfall,  construction  in  India,  merits  and  disadvantages- ~ Irrigation 
reservoir  dams,  sites  and  general  features  of  works,  earthen  and  masonry 
dams,  conditions  of  choice,  description  of  Periyar  concrete  dam  and 
subsidiary  works,  general  methods  of  construction  of  masonry  dams — 
Masonry  reservoir  dam  with  flood-discharge  sluices,  across  River  Nile 
at  Assuan,  description,  storage  provided  for,  importance  for  Egypt, 
reduction  in  height  of  proposed  dam,  inadequacy  of  reduced  storage, 
prospect  of  reduction  of  reservoir  by  deposit  of  silt — Storage  of  water 
in  lakes  for  irrigation,  advantages,  necessary  supply  for  Egypt  available 
from  Lake  Dembea— Water  for  irrigation  drawn  from  rivers,  distributed 
by  canals — Inundation  canals,  their  principles^  arrangements  with  basins 
in  Egypt,  in  the  Punjab  and  Sind,  dimensions,  value— Perennial  canals, 
their  advantages,  two  types,  important  points  in  design — Formula  of 
discharge  for  irrigation  canals — Upper  perennial  canals,  works  required, 
fall,  inclinations  given  to  canals,  dimensions  and  discharges,  examples 
of  aqueducts  and  siphons,  lengths  of  some  of  these  canals  with  their 
branches — Head-works  of  upper  perennial  canals,  construction  of  weirs 
and  examples,  site  for  head  and  regulating  sluices — Remarks  on  upper 
perennial  canals — Deltaic  perennial  canals,  arrangement,  length  of 
weirs,  Nile  sluices,  areas  irrigated  in  some  deltas — Remarks  on  deltaic 
canals,  merits,  objections. 

IRIGATION  works  are  needed  in  hot,  dry  regions  to  supply  water  to 
nds  where  the  rainfall  is  deficient,  very  variable  in  amount,  or  of  very 
lort  duration,  in  order  to  enable  crops  to  be  grown,  to  prevent  their 
ilure  in  years  of  drought,  and  to  allow  agriculture  to  be  carried  on 
iiing  the  dry  season. 

Sources  of  Irrigation  Water. — The  water  required  for  irrigation 
ay  be  obtained  from  the  underground  waters,  often  met  with  only  a 
oderate  depth  below  the  surface,  by  sinking  wells  to  the  water-bearing 
rata,  from  which  the  water  is  drawn  up,  either  by  manual  labour  or 
ith  the  aid  of  oxen,  through  the  medium  of  buckets,  water-wheels,  or 
her  simple  contrivainces,  for  irrigating  the  adjoining  land ;  for  steam- 
>wer  would  be  too  costly  for  such  a  purpose,  and  the  water  thus  raised 
innot  be  economically  conveyed  to  a  distance.  Water,  indeed,  for 
rigation  differs  from  water  for  the  supply  of  towns,  in  requiring  to  be 
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obtained  at  a  cheaper  rate  to  be  profitably  employed  on  land ;  whilst 
silt  deposited  from  irrigation  water  is  beneficial  for  the  land. 

Where  the  rainfall  is  heavy  but  of  short  duration,  it  may  be  collected 
in  large  tanks ;  and  the  flow  of  streams  which  fail  in  the  dry  season  may 
be  stored  up  in  reservoirs,  formed  by  a  dam  placed  across  the  valley  of 
the  stream  at  a  suitable  site. 

The  most  abundant  supply,  however,  of  water  for  irrigation  is  derived 
from  large  rivers,  by  means  of  canals  which  either  draw  off  the  water  in 
flood-time  from  rivers  having  a  very  variable  flow,  or  procure  a  constant 
supply  from  the  upper  part  of  rivers  possessing  a  perennial  flow,  which 
they  distribute  over  the  land  by  gravitation  to  considerable  distances,  or 
from  the  head  of  the  delta  of  a  river  for  irrigating  the  low-ljring  lands 
constituting  the  delta. 

Tanks  collecting  Rainfall  for  Irrigation. — Tanks  are  readily 
formed  by  enclosing  a  natural  depression  with  an  earthwork  embankment, 
in  which  a  heavy  rainfall  is  collected  as  it  falls ;  or  sometimes  a  series 
of  these  embankments,  placed  across  a  valley  at  intervals,  draw  the  flow 
of  rain  off  the  ground  from  a  larger  area,  forming  a  succession  of  small 
reservoirs.  These  tanks  have  been  very  extensively  used  in  Mysore  and 
Madras,  and  also  to  a  smaller  extent  in  Bengal,  for  collecting  water  for 
irrigation,  varying  in  area  from  a  few  acres  up  to  several  square  miles. 
The  water  thus  stored  up  in  the  rainy  season  is  drawn  off  for  irrigation 
in  the  dry  season,  through  one  or  more  sluice  openings  built  in  masoniy 
in  the  embankment ;  and  a  waste  weir,  or  an  escape  side  channel  is 
provided  for  the  discharge  of  the  surplus  water,  to  secure  the  enclosing 
embankment  from  being  overtopped  by  the  water,  which  would  result  in 
a  breach  and  the  loss  of  the  contents  of  the  tank. 

These  tanks  were  formed  from  remote  times  by  the  natives  of  India, 
being  simple  and  cheap  in  construction,  and  efficient  where  there  is  a 
considerable  rainfall  in  a  short  period ;  but  they  are  subject  to  consider- 
able loss  of  water  from  evaporation  during  hot,  dry  weather ;  and  they  are 
very  liable  to  have  their  capacity  greatly  reduced  by  the  deposit  of  sik 
from  the  water  flowing  off  the  land  into  them,  which  can  only  be  partially 
remedied  by  scouring  through  the  sluices  on  the  first  filling  of  the  tank. 
Sometimes,  as  a  last  resort,  crops  are  grown  in  the  fertile  alluvium  of  a 
silted-up  tank. 

Reservoir  Dams  for  storing  up  Irrigation  Water. —Large 
volumes  of  water  can  be  stored  up  for  irrigation  by  erecting  an  earthen 
or  masonry  dam  across  the  lower  part  of  the  valley  of  a  stream  or  river, 
arresting  the  flow  of  water  during  floods  till  the  water  has  filled  the 
reservoir  space  above  the  dam,  the  volume  of  water  thus  stored  up 
depending  upon  the  height  of  the  dam  and  the  configuration  of  the  valley 
above.  A  narrow  part  of  the  valley  is  generally  selected  which  widens 
out  considerably  higher  up,  so  that  a  comparatively  short  dam  across  a 
gorge  retains  a  large  volume  of  water ;  and  a  waste  weir  is  pro\'ided, 
over  which  the  surplus  water  flows  away  harmlessly  into  the  channel 
below,  when  the  reservoir  has  been  filled.  The  water  in  these  resenoirs 
being  deep,  is  much  less  exposed  to  loss  from  evaporation  than  in 
shallow  tanks ;  and  some  of  these  reservoirs  have  been  purposely  formed 
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n  high  regions  on  account  of  the  reduced  evaporatioo,  wfaidi  arrange- 
aent  necessitates  a  longer  conduit  to  reach  the  plains  to  be  irrigated, 
>ut  provides  also  a  greater  a\-ailable  fall  in  proportion  to  the  length, 
>wing  to  the  increased  steepness  of  the  upper  parts  of  valley's.  Ulien 
arthen  dams  are  used,  it  is  advisable  to  carry  the  discharge  conduit  in 
unnel  through  the  slope  of  the  valley,  beyond  one  extremit}*  of  the  dam. 
o  secure  the  dam  from  the  infiltration  of  water  under  pressure  at  its  base, 
vhich  is  liable  to  occur  when  the  discharge  culvest  is  carried  across  at 
he  lowest  point  under  the  bottom  of  the  dam,  endangering  its  stability ; 
)ut  the  discharge  may  be  effected  through  a  masomy  dam,  though  even 
n  this  case,  a  discharge  at  the  side,  away  from  the  dam,  is  preferable. 

Several  reservoirs  have  been  formed  by  earthen  and  masomy-  dams 
n  the  hilly  districts  of  the  province  of  Bombay,  for  irrigating  tracts 
laving  a  small  rainfall,  as  being  the  only  method  available  on  account 
>f  the  variable  flow  of  the  rivers  in  those  regions.  Earthen  dams  are 
>rdinarily  used  for  moderate  heights,  and  in  places  where  compact  rock  is 
lot  reached  at  a  moderate  depth  below  the  surface ;  and  masomy  dams 
ire  adopted  for  considerable  heights,  where  a  solid  rock  foundation  can 
)e  obtained.  Further  details  about  the  construction  of  reser^'oir  dams, 
ind  the  pressures  on  masonry  dams  and  their  forms,  will  be  given  in 
[Chapter  XXXII.,  on  water-supply  for  towns. 

A  concrete  dam  faced  with  rubble  masonr>',  178  feet  high,  and  retain- 
ng  a  head  of  water,  with  the  reservoir  full,  of  162  feet,  was  constructed 
cross  the  bottom  part  of  the  valley  of  the  River  Periyar  in  188S-96 
Fig.  271,  p.  422),  with  the  object  of  diverting  the  flow  of  the  river  from 
s  own  valley  in  the  rainy  district  of  Travancore,  on  the  western  side  of 
le  Ghats,  through  the  narrow  dividing  ridge,  into  the  valley  of  the  River 
^aigai,  for  irrigating  the  dry  district  of  Madura,  on  the  eastern  side  of 
le  mountain  range  which  intercepts  the  rain  coming  from  the  Arabian 
ea.*  The  dam  has  also  formed  a  reservoir  with  an  area,  when  full,  of 
405  acres,  from  which  the  water  can  be  drawn  down  31  feet  to  the  level 
f  the  sill  of  the  diversion,  affording  a  volume  of  252  million  cubic  yards 
)r  supplementing  the  discharge  from  the  river  at  its  low  stage,  which  has 
flow  varying  from  15  million  up  to  450  million  cubic  yards  in  a  month. 
Tie  dam,  accordingly,  in  this  case,  enabling  the  flow  of  the  river  to  be 
tilized  for  irrigation,  so  that  the  upper  layer  of  water  imjX)unded  in  the 
jservoir  forms  only  an  auxiliar}'  supply,  will  permanently  maintain  a 
epth  of  water  in  the  reservoir  of  131  feet;  but  though  this  depth  is 
lore  than  four  times  the  depth  of  the  layer  which  can  be  utilized,  the 
olume  of  water  retained  in  the  reservoir  is  1 2  million  cubic  yards  less 
tian  that  available  for  drawing  off,  owing  to  the  notable  decrease  of 
very  reservoir  in  area  towards  the  bottom.  The  water  is  led  from  the 
eservoir  in  an  open  cutting,  2 1  feet  wide,  to  the  tunnel,  rather  over  a 
lile  in  length,  piercing  the  rocky  ridge  separating  the  river  basins ;  and 
he  tunnel,  having  a  sectional  area  of  90  scjuare  feet,  has  been  given  a  fall 
>f  I  in  75  for  discharging  the  flow  of  the  Periyar  into  a  tributary  of  the 
^aigai,  from  which   river  it  is  directed  by  a  weir  into  the  distributing 

*  Proceedings  Inst.  CE.^  vol.  cxxviii.  p.  140. 


4  =  2      DAMS  FOR.VIKG  HESERVOIRS  FOR  IRRICATIOX. 

channels  for  irrigation.  A  waste  weir,  410  feet  long,  has  been  rocm 
across  a  depression  on  the  right  bank  of  the  Penyarvalley,  but  sepuat 
from  the  dam  by  a  rid^eof  rock,  with  its  crest  162  feet  above  the  boCK 
of  the  reset^oir,  and  1 1  feet  below  the  top  of  the  solid  dam,  over  whi 
the  surplus  watere  are  discharged  during  a  high  flood,  which  it 
i-stimated  might  raise  the  level  of  the  reservoir  9  feet. 

In  the  construaion  of  this  kind  of  dam,  all  loose  materials  have 


he  removed  from  the  base,  and  the  foundations  laid  upon  the  solid  to 
>o  as  to  avoid  all  chance  of  inbttration  of  water,  subjected  to  a  h 
pressure  with  a  full  reservoir,  under  the  base  of  the  dam.  The  work 
to  lie  carried  on  in  stages  whilst  the  river  is  low ;  and  the  flow  has  to 
ienii)Orarily  diverted  from  the  foundations,  which  are  .sometimes  furt 
]irntected  from  the  influx  of  water  by  enclosing  tem[K)rar>-  dams  :  wli 
the  water  coming  into  the  foundations  has  to  be  removed  by  pumpi 
'ITie  foundations  may  advantageously  be  laid  in  sections,  provided 
seinions  are  eventually  thoroughly  connected  together,  so  as  to  av 
having  to  keep  a  large  extent  of  excavation  free  from  water.  L'nless 
flow  of  the  river  can  be  discharged  through  a  tunnel  at  the  side,  bey< 
the  dam,  as  the  work  proceeds,  the  flow  may  be  passed  over  the  dan 
suitable  places  kept  low  for  a  time  whilst  the  other  [xirts  are  being  rai: 
or  through  permanent  sluices  formed  in  the  dam,  and  the  masonn 
concrete  then  gradually  carried  up.  S[)ecial  care  has  to  be  taken  t 
high  dams  to  ensure  the  construction  of  a  watertight  mass,  whethei 
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»nry  or  concrete,  for  some  distance  into  the  dam  from  the  inner  face, 
'oid  the  chance  of  percolation  of  water  through  the  dam  under  the 
pressure  towards  the  base,  which  is  particularly  liable  to  occur  along 
'xmtal  joints  of  masonry,  and  which  is  so  noticeable  on  the  outer  face 
le  very  thick  Gileppe  masonry  dam  in  Belgium  retaining  a  head  of 
X  of  i47f  feet. 

Hamnry  Reservoir  Dam  with  Flood-Discharge  Sluices. — 
^rvoir  jdams  for  storing  up  water  for  irrigation  or  water-supply,  are 
monly  constructed  across  the  narrow,  mountainous  gorge  of  a  small 

•  or  stream,  whose  waters  during  floods  gradually  fill  the  reservoir 

formed  above  the  dam ;  and  the  moderate  volume  of  surplus  water 

et  years,  passes  over  the  waste  weirs.     When,  however,  a  dam  is 

itructed  across  the  channel  of  a  large  river,  such  as  the  Nile,  to  store 

portion  of  the  flow  towards  the  close  of  the  flood  season,  as  designed 
e  accomplished  by  the  masonry  dam  in  progress  at  Assuan,  provision 
to  be  made  for  the  discharge  of  the  maximum  flood  through  numerous 
lings  near  the  bottom  of  the  high  dam,  which  are  only  closed  when 
9ood  has  begun  to  abate,  and  the  river,  having  fallen  considerably, 
urying  along  comparatively  litde  silt  (Fig.    272).      The  Assuan 

stretdies  across  the  Nile  at  the  first  cataract,  and  is  to  retain  a 
immn  head  of  water  of  65^  feet,  rising  itself  10  feet  above  the  highest 
T-level  of  the  reservoir.  It  is  pierced  by  one  hundred  and  forty 
5r  sluices  23  feet  high  and  6^  feet  wide,  and  forty  upper  sluices  of  the 
»  width,  but  only  half  the  height.^  The  sixty-five  lowest  sluices, 
.ted  in  die  deeper  channels,  have  their  sills  about  i\  feet  above  the 
St  water-level  on  the  down-stream  side  of  the  dam  (Fig.  272) ;  and 
>ther  under  sluices  are  built  at  a  uniform  level,  with  their  sills  about 
«t  higher  up.  The  sluices  are  arranged  in  groups  of  ten,  separated 
ders  16^  feet  wide;  whilst  there  is  a  thickness  of  33  feet  of  masonry 
'een  each  group.  All  the  under  sluices  are  to  be  closed  by  lifting 
s  sliding  on  free  rollers.     The  foundations  have  been  carried  down 

the  solid  granite  rock  forming  the  bed  of  the  river ;  and  the  total 
th  of  the  dam  along  the  top  is  6398  feet.     The  navigation  of  the 

•  is  provided  for  at  the  dam,  by  a  channel  excavated  along  the  left 
c,  with  locks  for  surmounting  the  fall  at  the  dam.  The  volume  of 
:r  retained  by  the  Assuan  dam,  available  for  increa.sing  the  flow  of 
Nile  below  the  dam  during  its  lowest  stage,  after  deducting  the 
Dated  loss  from  evaporation  of  a  depth  of  3^  feet  over  the  whole 
ice  of  the  reservoir,  will  amount  to  about  990  milHon  cubic  metres, 
395  million  cubic  yards. 

!t  is  most  important  that  sufficient  water  should  be  stored  to  ensure 
the  flow  of  the  Nile  at  Assuan  shall  never  supply  less  than  500 
c  metres  (654  cubic  yards)  per  second  at  the  canal  heads  for 
ibution,  so  that  all  the  lands  in  Upper  Egypt  intended  to  be  under 
nnial  irrigation,  may  receive  with  certainty  the  requisite  supply  of 
T  throughout  the  summer,  even  in  years  when  the  discharge  of  the 

"Irrigation  in  the  Nile  Valley  and  its  Future,"  \V.  Willcocks  International 
neering  Congress,  Glasgow,  1901,  p.  9,  and  plate. 
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Nile  falls  ven*  low;  for  a  failure  of  water  ruins  the  summer  crofs, 
causing  great  loss  to  the  cultivators,  and  leading  to  the  lands  beii^  left 
uncultivated. 

The  Nile  begins  to  rise  in  June  at  Assuan,  and  reaches  its  maximum 
height  in  September,  and  then  soon  begins  to  fall  somewhat  rapidly 
till  the  end  of  the  year,  and  subsequently  more  slowly,  till  it  drops  to 
its  lowest  level  at  the  end  of  May  or  early  in  June.  The  dischaige 
of  the  river,  accordingly,  attains  a  maximum  in  September,  and  falls 
to  a  minimum  in  June,  the  discharge  having  reached  13,200  cubic 
metres  per  second  in  a  maximum  year,  1878-79,  and  fallen  to  210 
cubic  metres  per  second  in  a  minimum  year,  1877-78,*  in  which  year 
the  flow  was  below  500  cubic  metres  per  second  for  sixteen  weeks 
(Fig.  273). 


CM.  per  !«»:• 


RIVER   NILE  AT  A88UAN. 
Fig.  273.  — Diacram  of  Discharges.    Minimum  year.  1877-78. 


The  first  suggestion  was  that  a  storage  of  4000  million  cubic  metres 
should  be  provided,  so  as  to  secure  an  additional  supply  of  500  cubic 
metres  per  second  being  always  furnished  at  the  canal  heads  at  Assiout  for 
distribution,  in  addition  to  the  average  supply  of  250  cubic  metres  per 
second  from  the  river  during  the  critical  seventy-five  days  in  a  bad  vear 
at  the  same  place,  in  order  to  ensure  perennial  irrigation  for  all  tht 
lands  of  Upper  Egypt  on  which  summer  crops  could  be  advantageously 
grown.  This  storage  was  reduced  in  the  original  scheme  for  a  dam  at 
Assuan,  to  3700  million  cubic  metres,  with  the  reservoir  level  105  feet 
above  the  lowest  water-level  below  the  dam;  and  the  Commission 
appointed  to  consider  the  project,  by  lowering  the  proposed  water-level 
of  the  reservoir  13^  feet,  reduced  the  proposed  storage  to  about  2660 
million  cubic  metres.  Eventually,  in  order  to  avoid  submerging  the 
temple  of  Philae,  the  water-level  of  the  reservoir  was  lowered  26f  feet 
more,  do^-n  to  the  present  intended  level,  reducing  the  storage  to  little 
more  than  one-fourth  the  amount  at  first  suggested,  and  securing  an 
additional  flow  at  the  canal  heads  of  only  120  cubic  metres  per  second 

*  •*  Ej;>'ptian  Irrigation,"  W.  Willcocks,  2nd  edition,  1899,  pp.  46  and  47. 
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ng  the  critical  period,  or  370  cubic  metres  per  second  including  the 
r  How  in  low  years,  in  place  of  the  500  cubic  metres  per  second 
ntial  for  securing  the  lands  at  present  under  perennial  irrigation 
a  drought,  and  instead  of  the  750  cubic  metres  per  second  at  first 
posed  to  place  summer  irrigation  in  Upper  Egypt  in  a  satisfactory 
ition.  Moreover,  there  is  a  probability  that  the  reservoir  capacity 
rided  by  the  Assuan  dam,  will  be  gradually  reduced  by  deposit  of 
in  still  water  at  the  sides,  beyond  the  influence  of  the  scouring 
•cnt  through  the  sluices,  which  deposit  will  be  further  promoted  by 
checking  of  the  river  current  near  the  upper  end  of  the  reservoir, 
n  jQowing  into  the  inert  mass  of  water  already  in  the  reservoir  during 
latter  stage  of  its  filling. 

Storage  of  Water  in  Lakes  for  Irrigation. — The  inadequacy 
he  storage  at  Assuan,  in  consequence  of  the  reduction  in  height  to 
di  the  reservoir  is  to  be  retained,  affecting  the  widespread  upper 
rs,  and  consequently  diminishing  the  capacity  of  the  reservoir  out  of 
proportion  to  the  diminution  in  height,  will  necessitate  the  provision 
supplemental  storage  elsewhere  to  satisfy  the  urgent  needs  of  Egypt. 
es  possess  two  very  important  advantages  for  storing  water,  over 
lly  artificial  reservoirs  formed  in  a  river  valley,  namely,  that  the 
•St  layers  of  water  stored  by  damming  up  a  lake,  amount  to  a 
iiderable  volume  spread  over  a  wide  area  in  a  large  lake,  in  place 
le  insignificant  amount  of  water  contained  in  the  narrow  bottom  of 
rtiticial  reservoir ;  and  that  a  lake  furnishes  a  reservoir  in  which  silt 
accumulate  for  a  long  period  without  affecting  the  storage  capacity. 
cover,  in  the  case  of  water  for  irrigation,  the  river  itself  provides  a 
mel  for  the  conveyance  of  the  supply  during  the  dry  season,  from  a 
rvoir  formed  in  the  upper  part  of  its  valley.  Lakes  exist  near  the 
Is  of  both  the  White  and  Blue  Niles ;  but  though  lakes  Albert  and 
oria  Nyanza,  at  the  head  of  the  White  Nile,  afford  a  very  ample 
e  for  storage  with  their  large  areas,  the  White  Nile  constitutes  a 
unsuitable  channel  for  the  conveyance  of  the  water  down  to 
jtoum,  owing  to  its  very  small  fall  in  places,  and  to  its  passing 
ugh  extensive  swamps  where  the  flow  is  checked  and  the  water 
ersed.  Lake  Dembea  or  Tsana,  however,  near  the  source  of  the  Blue 
:  in  the  high,  rainy  district  of  Abyssinia,  though  considerably  smaller 
Tea  than  the  equatorial  lakes,  could  be  readily  converted  into  a 
rvoir  by  a  short  dam  of  very  moderate  height  near  its  outlet.  This 
,  with  its  area  of  nearly  iioo  square  miles,  would  store  up  a  volume 
ot  less  than  about  850  million  cubic  metres  for  every  foot  that  its 
ar-level  is  raised,  so  that  an  ample  supply  for  the  requirements  of 
pt,  and  for  extending  irrigation  to  the  Sennaar  provinces  higher  up 
Nile,  could  be  readily  stored  up  at  this  lake ;  whilst  the  very  ample 
regular  fall  of  the  Blue  Nile  from  the  lake  down  to  Khartoum,  would 
lie  the  rapid  conveyance  of  the  supplemental  supply  down  to  this  point. 
IMTater  for  Irrigation  drawn  from  Rivers. — Water  may  be 
m  from  rivers  during  their  floods  by  means  of  inundation  canals, 
ing  the  water  at  a  somewhat  high  level  from  the  embanked  river  to 
lands  at  the  sides,  the  influx  being  sometimes  regulated  by  sluice- 
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j;.\ics,  and  ceasing  directly  the  river  falls.     Watirr  is  also  olnamcu  ;"  ? 
irncation  from  the  upixir  jxirt  of  rivers  having  a  perennial  flow.  " ) 
ranals  which,  being  given  a  suitable  fall,  convey  the   water  for  Ion. 
di>iances  to  irrigate  arid  plains  at  a  consideralde   distance  from  any 
natural   watercourse ;  and  shorter  canals  are  constructed  branching  'fif 
lower  down  on  such  rivers,  to  irrigate  lower  lands  away  from  the  mci. 
(\inals,  moreover,  starting  from  the  head  of  a  delta,  where  the  water  ot 
the  river  is  backed  up  by  a  weir  during  the  dr>'  season,  supply  water  tV-r 
irrigation  to  the  low-lying  lands  situated  between  the  branches  of  the 
river  traversing  the  delta.    In  the  first  case,  the  irrigation  is  intemiiuent. 
only  taking  place  when  the  river  is  in  flood,  antl  depending  for  ::? 
extent  on  the  height  of  the  flood ;  whilst  the  last   two   methods  are 
intended  to  furnish  a  perennial  irrigation,  discharging  a  constant  supply 
ot  water  throughout  the  dry  season. 

Inandation  Canals. — As  a  silt-bearing  river  flowing  through  ar 

.illuvial  plain  raises  its  banks  on  each  side  by  de^wsit  in  flood-time,  ar.ti 

aUo  in  some  cases  its  bed  to  a  certain  extent,  its  floods  rise  some  feti 

above  the  adjacent  low  lands  on  each  side.    Moreover,  the  river  tbll«'W> 

a  winding  course,  so  that  by  forming  canals  in  a  straight  line,  branching 

ort'from  the  river  at  suitable  points,  it  is  possible  to  utilize  the  available 

fall  to  its  full  extent,  and  thus  by  means  of  longitudinal  and  branch 

f.inals  to  extend  the  area  of  inundation  to  lands  further  ofl*  from  the 

nver.     The  canal  should  start  from  a  point  where  the   river-bank  b 

stable,  and  the  flow  of  the  river  moderate  and  in  a  central  channel,  ^ 

that  the  entrance  to  the  canal,  which  should  be  protected  from  scour. 

niav  be  easily  maintained.    The  bottom  of  the  canal  is   placed  well 

above  the  bed  of  the  river,  so  that  the  heavier  detritus  brought  ilown 

nuv  not  enter  the  canal ;  and  the  canal  should  be  given  as  unifi'm- 

n  fall  throughout  as  ])racticablc,  so  as  to  ensure  a  uniform  velocity  of 

flow,  and  thus  keep  down  the  deposit  of  silt  in  the  canal.     The  si/c  o! 

the  canal,  and  its  depth  below  the  lowest  flood  of  the  river,  must  li- 

rcciilated  by  the  discharge  required,  and  the  fall  available.     The  ritXHi- 

«.iters  conveyed  by  inundation  canals  are  charged  Avith  fertilizing  >:'i. 

which,  if  the  flow  is  not  checked,  deposits  eventually  on  the  land :  anJ. 

consequently,  these  waters  are  of  much  more  value  for  agriculture  :han 

the  clear  waters  discharged  from   reservoirs,  or  the  less  turbid  waters 

dniwn  from  rivers  held  up  by  weirs,  unless  the  stored-up  waters  havt  a 


'->nvevance  of  the"  water  in  the  most  economical  and  etVicient  manner 
from  the  river  to  the  land  to  be  irrigated,  is  to  prevent  silt  deposiiinc  in 


?te  wS«  ^iVbrought  down  by  the  river,  which  the  weaker  currciit  of 

iT  rM«l  could  not  cany  along,  by  avouiing  any  checking  of  the  curnn: 

IntSranal.  and  by  so  laying  out  the  canal  as  to  ensure  as  imifomi  a 

■  Trf  flow  as  posable.    Numbers  of  irrigation  canals  have  to  be 
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a.nni]ally  cleared,  at  a  considerable  cost,  by  excavation  or  dredging, 
from  the  deposit  of  silt,  which  would  have  been  valuable  if  spread  over 
the  irrigated  lands. 

In  Upper  Egypt,  most  of  the  cultivated  land  bordering  the  Nile  is 

divided  into  extensive  basins  enclosed  by  earthen  embankments,  which 

are  filled  by  turbid  water  from  inundation  canals  to  a  depth  of  about 

3  feet  during  the  height  of  the  flood,  which  is  retained  on  the  land  for 

■■  about  forty  days,  when,  having  deposited  a  layer  of  slimy,  red  mud,  it  is 

allowed  to  flow  back  again  into  the  river ;  and  the  crops  from  the  seed 

sown   in   November  are  reaped  the   following  March.     The  extent, 

~  however,  of  the  irrigation  which  can  be  effected  by  water  drawn  fairly 

7"  direct  from  the  river,  varies  greatly  with  the  rise  of  the  flood,  which  in 

~    the  Nile  in  Upper  Egypt  has  an  extreme  range  of  about  9  feet  between 

~~  the  lowest  and  highest  known  floods.     Moreover,  summer  crops  are 

grown  in  some  parts  of  Upper  Egypt,  particularly  on  the  raised  ground 

--   bordering  the  river  and  the  higher  lands  of  the  valley ;  and  these  lands, 

in  years  when  the  flood  rise  is  deficient,  have  to  be  irrigated  by  raising 

water  from  shallow  wells  tapping  the  underground  flow,  or  by  canals  at 

a  higher  level,  drawing  their  supply  from  the  river  some  distance  higher 

up,  and  enabled  by  their  direct  course  to  deliver  the  water  at  a  higher 

tevel  than  the  river,  some  distance  lower  down. 

Large  tracts  of  land  in  the  almost  rainless  districts  of  the  Punjab 
and  Sind,  are  irrigated  by  numerous  inundation  canals  drawing  their 
waters  from  the  Indus  and  its  tributaries,  more  particularly  the  Suilej  and 
theChenab,  in  flood-time  (Fig.  274,  p.  428),  during  which  period  these 
rivers  bring  down  large  quantities  of  silt,  whereby  the  land  on  which 
it  is  spread  from  the  canals  is  yearly  fertilized  as  in  Egypt.*  The 
melting  of  the  snows  on  the  Himalayas  causes  the  Indus  to  rise  at 
Sukkur  in  April ;  its  floods  attain  their  highest  level  in  August ;  and 
the  river  then  falls  rapidly  till  October.  The  area  irrigated  each  year 
largely  depends  on  the  height  attained  by  the  flood ;  though  when  the 
supply  from  the  canals  is  deficient,  it  is  sui)plemented  to  some  extent 
by  raising  water  by  a  chain  of  buckets  turned  by  a  wheel. 

The  dimensions  and  fall  of  inundation  canals  vary  considerably, 
the  canals  in  Egypt  having  bottom  widths  of  from  13  to  over  300  feet, 
and  Dsdls  ranging  between  i  in  20,000  and  i  in  33,000,  and  in  the 
Punjab,  lengths  of  8  to  60  miles,  widths  at  bottom  of  6  to  50  feet,  and 
falls  of  I  in  4000  to  i  in  10,000.  The  beds  of  these  canals  are  from 
f  foot  to  10  feet  below  a  low  Nile  flood  in  Egypt,  and  from  5  to  10 
feet  generally  below  the  floods  of  the  Indus  in  the  Punjab  and  Sind. 

Inundation  canals  are  sfxjcially  valuable  when  aj)plied  to  the  irri- 
gation of  valleys  having  a  poor  soil,  and  on  which  hardly  any  rain  fails, 
such  as  Egypt  and  the  lower  valley  of  the  Indus,  and  drawing  their 
supplies  from  silt-laden  rivers  fed  by  mountain  rains  and  snows :  for 
the  canals  furnish  water  and  silt,  both  of  which  are  essential  for  the 
cultivation  and  fertility  of  the  soil.  The  outlying  and  higher  districts, 
however,  are  dependent  with  such  a  system  on  the  height  of  the  flood, 
and  cannot  be  secured  from  periodical  droughts. 

»  *'  Irrigation  Works  in  India  and  Kt7i>i,"  K.  J{.  Buckley.  Map  i>f  India,  and  p.  9. 
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Perennial  Canals. — By  drawing  water  from  rivers  possession 
fairly  good  flow  throughout  the  year,  irrigation  canals  can  be  give 


IRRIQATION  CANALS  OF  INDIA. 
FiK.  274.— Map. 
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I)ercnnial  discharge  so  as  to  supply  arid  lands  with  water  whenev 
necessary,  and  not  merely  during  the  height  of  the  river  floods,  enablii 
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ts  served  to  be  moie  fbDj  coltifaiffil,  and  wiA  greater  cotaDtf, 
tie  intennittent  system  of  iimndalion  canok  ^J'Tf^i^'w^  oo  the 
There  are  two  types  of  pmpfiijl  canak,  umicij,  tbofe 
LW  their  supplies  from  rivets  in  the  fai^ier  pmt  of  tbesr  coanc, 
ey  the  water  to  the  lower  parts  of  tbesr  vaflei?  orer  long 
,  with  the  good  fall  genoalhr  aTukble,  awar  fponi  the  coarse 
ivers;  and,  secondly,  those  wiudi  stan  from  a  deltaic  river 
id  of  its  delta,  and  irrigate  die  low  lands  King  between  the 

branches  of  the  ddta  (^g.  274). 

nial   canals  form   offisboots  from   rireis,  pronding   artificial 

rses  in  regions  where  natural  ones  do  not  exist ;  but  insifad  of 

tributaries  in  their  course  like  rireis,  they  are  erentnally 
.  into  several  minor  branches,  which  are  again  divided  into  a 
)f  distributing  channels  to  sixead  die  supply  of  water  over  the 

.  274). 
care  has  to  be  taken  in  designuig  these  canals,  to  adjust  their 

don  and  their  fall,  so  that  they  may  discharge  the  ftiU  volume 

required  to  irrigate  the  district  they  command,  and  that  their 

lay  not  be  rapid  enough  to  erode  their  bed,  or  so  sluggish  as 

r  the  growth  of  weeds  and  the  deposit  of  silL     Where  the 

fall  is  large,  the  channel  when  traversing  rock  may  be  reduced 

I ;  but  in  soft  soil  it  becomes  necessary  to  introduce  vertical 

litable  points  to  avoid  creating  an  undue  current,  as  adopted 

anges  Canal. 

iida  of  DlBchai^ge  for  Irrigation  Canala. — llie  most 

ormula  for  calculating  the  discharge  in  an  open  channel  is  in 

,  D  =  AV  =  AFVrS,  where  D  is  the  discharge  in  cubic  feet 
id,  A  the  area  of  the  cross  section  of  the  water  in  square  feet, 
lean  velocity  of  flow  in  feet  per  second,  F  a  factor  deduced 
perimental  investigations,  R  the  hydraulic  radius,  or  hydraulic 
pth,  in  feet,  and  S  the  slope,  or  the  fall  in  a  given  distance 
by  that  distance.  The  hydraulic  radius  of  any  channel  is 
by  dividing  the  cross  section  A  of  the  stream  flowing  in  the 
by  the  wetted  perimeter  of  the  channel,  or,  in  other  words,  is 
I  of  a  rectangle  which,  with  a  length  equal  to  the  wetted  bed 
le  stream,  has  a  sectional  area  equal  to  that  of  the  stream, 
values  have  been  assigned  to  F  by  different  hydraulicians, 
g  to  the  size  and  conditions  of  the  streams  whose  velocities 
en  gauged ;  but  the  only  general  formula  which  embraces 
J  of  small  streams  and  large  rivers,  assigns  the  follow- 
e   to   F    in  the    case   of   channels   in   earth   in   good   order, 

0*00281 
72-44  +  4i'o  +     -  Q- 

-I  in  which,  for  small  channels  with 


/      .,    ,   0*00281  \  o-o2t 


0*00281     .  ,  ^ ,  ._    , 

all,  the  factor  -  g —  might  be  omitted. 
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Upper  Perennial  Ccmals. — The  works  for  these  canals  consist 
tirsily,  of  ihe  main  canal  conveying  the  water  from  the  upper  part  tf 
a  larcc  river  to  the  district  to  be  irrigated,  together  with  its  brandies 
nnd  minor  channels  for  distribution  in  this  district ;  and,  secondly,  the 
:nai':- works  at  the  intake  of  the  canal,  comprising  a  weir  across  the  river 
.1  ;i::.t  biiow  the  entrance  of  the  canal,  to  raise  the  water  in  the  river 
/i.-.rr-V  its  low  stage  in  front  of  the  intake,  so  as  to  ensure  an  adequate 
r^.  u  :r.:o  the  canal,  and  reguLiting  sluice-gates  across  the  intake  t^ 
H-  influx  into  the  canal,  and  to  exclude  high  floods  pa»ing 
river,  which,  if  admitted  into  the  canal,  would  injure,  and 
Irx-ak  its  banks,  and  introduce  large  quantities  of  silt  whidi 
v.n.  /.    Vi-    dejKwited    in    the    canal    as    the    initial  velocity   of  influx 


•    ••    ik 


••   .* 


•       *• 
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0   works   for   the   main   canal    resemble    those  for  forming  the 
•'J. -.';'.  vM*  a  navigation  canal,  with  the  exception  that  the  bed  of  the 
. '  V.    :v.ust   be  given  a  fall  to  provide  for  the  flow  of  its  waters,  and 
\t.  x-.'hons  are  sometimes  used,  in  place  of  embankments  or  aque- 
'.i.-.v  !or  crossing  valleys,  and  also  for  passing  under  streams.     Though 
1 1  I.V   'jXTcnnial   canals  have  been  sometimes  adapted  for  na\igation, 
.^xvvallv  those  passing  through  flat  districts,  the  recjuirements  of  irriga- 
•%.i.'  J.t^cr  from  those  of  navigation.     Thus  in  irrigation  canals,  it  i> 
.  v.vOv.u  to  make  as  much  use  as  practicable    of   the  available  fall 
N..IO.    '.*:  a  given  discharge  the  cross  section  of  the  channel  varie5 
I  -."s.^  with  the  fall;  it  is  advisable  to  give  the  current  a  velocity oi 
vA    !.-»  ;han  i^  to  3  feel  fXT  second,  according  to  the  nature  of  the 
^ ..     •  ^'VA-h  the  channel  is  excavated,  so  as  to  keep  the  canal  frer 
vv\\'.>  and  the  deposit  of  silt :   and  the  canal  should  be  reduced 
..-.•  .In  the  minor  channels  branch  oft"  from  it.      The  average  tail 
•  .  -i^c  canals,  except  in  tunnels  and  aqueducts  where  the  fall i" 
vv.;scd  to  reduce  the  si/e  of  the  conduit,  ranges  from  i  in 
.\  . ■■    »'  inches  in  a  mile,  on  the  Lower  Ganges,  Sone,  and  Agra 
*  .Nooo  on  the  Sirhind  Canal,  or  i  in  5280  on  the  Bear  River 
.    ,    ',  \  and  the  Turlock  Canal,    California,    i    in  4000  on  the 
■    ,  •••.;'..  1   in  3333  on  the  Marseilles  Canal,  up  to  i  in  2640  on 
•  ".'.t  .;'ul  Klaho  canals,  and  1  in  211 2  on  the  Del  Norte  Canal. 
.  ■  \\\  S:,uos.     The  Ganges  Canal,  with  a  bottom  width  of  ip 
•  s. M  w^  .*  maximum  volume  of  6S00  cubic  feet  per  second:  tht 
N    .  •  \t  .  with  a  width  of  200  feet,  and  the  Sone  Canals  with  a 
,v,.  ilischarge  6000  cubic  feet ;  the  Lower  Ganges  Canal, 
^   /■.  -mO  feet,  and  a  depth  of  water  of  8  feet,  discharge> 
w-,     iho  Cavour  Canal,  with  a  wiilth  of  65  feet,  discharges 
.  the  Pel  Norte  Canal,  with  a  width  of  60  feet,  and  a 
x^'.    5.\  feet,  discharges  20C0  cubic  feet;    the   Turlock 
w  ^\\\\  \>!i  70  feet,  and  a  depth  of  7^  feet,  discharges 
.a:uI  the  .\rizona  and  Bear  River  canals,  with  bottom 
50   feet,  and  depths  of  water  of  7i   and   7   feet 
v\  *'.AVj:x'  1000  cubic  feet  |)er  second. 
■»    "i.iM>nry  ac^ueducts  carrying   irrigation  canals  acro>'; 
»  ■Msheil  by  the  Solani  a<iueduct  on  the  Ganges  Canal. 
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9)0  feet  long  and  24  feet  high,  with  fifteen  arches  of  50  feet  span ; 
the  Kali  Nadi  aqueduct  on  the  Lower  Ganges  Canal,  with  fifteen  arches 
of  60  feet  span;  the  Dora  Baltea  aqueduct  on  the  Cavour  Canal,  635 
feel  long,  with  nine  arches  of  52^  feel  span  ;  and  the  Roquefavour 
tuiueduct  over  ihe  Arc  on  the  Marseilles  Canal,  1353  feet  long  and  271 
fiset  nfiaJtimum  height,  with  three  tiers  of  arches  of  52^  feet  span.  The 
Cavour  Canal  is  also  carried  undT  some  rivers  in  siphon  culverts; 
whilst  siphons  were  adopted  for  conveying  the  discharge  of  the  Verdon 
Canal  across  several  valleys,  being  for  the  most  pari  tunnelled  through 
the  rock  underlying  the  valley,  and  lined  with  masonry ;  but  in  two 
instances,  where  the  rock  was  unsound,  wroughl-iron  tubes  were  used. 
In  one  case,  a  tube,  7^  feet  in  diameter,  was  adopted  for  the  central 
portion  only  of  the  siphon  across  the  bottom  of  the  valley;  and  in 
crossing  the  valley  of  St.  Paul,  with  a  dip  of  1 18  feet  below  the  canal 
level,  the  siphon  is  composed  of  two  tubes,  each  55  feet  in  diameter, 
having  a  hydraulic  gradient  between  their  extremities  of  i  in  990,  and 
a  length  0^851  feet.  Wooden  troughs,  or  flumes  as  they  are  termed, 
supported  on  trestles,  are  very  commonly  employed  for  conveying  the 
water  of  irrigation  canals  in  the  United  States  across  valleys.  Tunnels 
also  are  often  employed  in  the  rugged  country  sometimes  met  with  in 
the  upper  valley  of  a  river,  for  carrying  the  irrigation  water  through 
ridges  and  spurs ;  wtiilst  such  hilly  country  is  traversed  by  the  Marseilles 
Canal  in  its  course  from  the  River  Durance  to  Marseilles,  that  it  is  in 
tunnel  for  nearly  one-fifth  of  its  length  of  51^  miles. 

The  largest  examples  of  these  canals  are  the  Ganges  Canal,  with 
440  miles  of  main  and  bmnch  canals,  and  2500  miles  of  distributing 
channels,  irrigating  1,600,000  acres  (Fig.  274,  p.  418);  the  Lower 
Ganges  Canal,  with  560  miles  of  main  and  branch  canals,  and  zioo 
miles  of  distributing  (iannels,  commanding  an  area  of  about  1,190,000 
acres,  only  partially  irrigated  at  present ;  the  Sirhind  Canal,  drawing 
its  supply  from  the  Sutlej,  with  544  miles  of  main  and  branch  canals, 
sod  4400  miles  of  distributaries,  irrigating  800,000  acres  in  the  Punjab ; 
and  the  Sone  Canals,  370  miles  long,  commanding  1,016.000  acres,  but 
only  irrigating  370,000  acres,  with  laoo  miles  of  distributaries.  The 
Cavour  Canal,  53  miles  long,  drawing  its  supply  from  the  Po,  can  irri- 
gate 490,000  acres  ;  and  the  Idaho  Canal  in  the  United  States  can 
brigate  350,000  acres  with  water  drawn  from  the  Boise  River. 

Head-works  of  Upper  Perennial  Canals. — A  solid  weir  of 
masonry',  rubble  stone,  or  even  gravel,  according  to  the  nature  of  the 
bed  and  materials  available,  protected  in  the  two  latter  cases  by 
masonry  or  pitching  on  the  top,  and  secured  from  a  flow  of  water 
underneath,  in  a  permeable  river-bed,  by  sinking  two  or  more  rows  of 
wells  into  the  bed  across  the  river,  or  by  the  weight  and  width  of  the 
weir,  is  constructed  across  the  river  just  below  the  entrance  to  the  canal, 
to  raise  (he  water-level  during  the  low  stage  of  the  river  for  the  influx  of 
water  into  the  canal ;  whilst  floods  pass  over  this  obstruction  with  only 
a  moderate  elevation  of  their  level,  as  indicated  by  a  small  drop  of  the 
surface  of  the  river  on  passing  the  crest  of  the  weir,  indicated  on  the 
Motion  of  the  weir  at  Dehree  across  the  River  Sone  at  the  intake  of 
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Sone  Canals  (Fig.  275).  This  weir  is  2^  miles  long  across  the  river,  and 
retains  a  head  of  water  of  about  10  feet ;  but  there  is  a  row  of  movable 
iron  shutters  all  along  the  crest  of  the  weir,  each  18  feet  long  and 
2\  feet  high,  raising  the  water-level  an  additional  2  feet. 

As  a  solid  weir  across  a  river  bringing  down  detritus  causes  ao 
accumulation  of  deposit  in  the  river-bed  above  the  weir,  which  would 

RIVER  WEIR   FOR  IRRIGATION   CANALB. 
¥'%%.  275.— Weir  across  River  8one  at  Dehree. 
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be  liable  to  block  up  the  entrance  to  the  canal,  sluice  openings  are 
formed  through  the  weir  near  the  bank,  closed  by  draw-doors,  needles, 
or  movable  shutters,  the  scour  through  which  when  op>ened  keeps  the 
river-bed  in  front  of  the  entrance  of  the  canal  free  from  deposit.  In 
some  instances,  central  sluice  openings  have  been  formed  with  a  view 
to  keep  down  the  deposit ;  but  in  a  long  weir,  such  openings  of  moderate 
width  have  only  a  local  influence ;  and  it  has  been  found  preferable  to 
make  the  solid  weir  low,  and  raise  the  water-level  to  the  requisite  height 
by  movable  shutters  on  the  top.  The  Sone  weir  is  pierced  by  twenty 
openings  on  each  bank  just  below  the  intakes  of  the  canals,  and  sixteen 
openings  in  the  ( entre  of  the  river,  each  20j  feet  wide ;  ^  but  whilst  the 
side  openings  have  kept  the  channel  clear  in  front  of  the  canal  head  on 
each  bank,  the  central  openings  have  not  prevented  the  silting  up  of 
the  river-bed.  The  openings  in  the  Sone  weir  are  closed  by  hinged 
shutters  which,  having  to  be  raised  with  the  current  flowing  through  the 
oi)cnings,  are  controlled  by  hydraulic  brakes,  consisting  of  a  piston 
attached  to  the  under  side  of  each  main  shutter,  and  drawn  along  a 
cylinder  filled  with  water  and  pierced  wuth  a  series  of  holes ;  and  as  the 
shutter  rises,  the  number  of  holes  through  which  the  water  pressed 
upon  by  the  piston  can  escape,  becomes  less  as  the  piston  travels  along 
the  cylinder ;  and,  consequently,  the  retarding  influence  of  the  piston 
on  the  shutter  increases  in  proportion  as  the  shutter  rises  and  becomes 
more  exposed  to  the  action  of  the  current  (Fig.  276). 

The  diversion  weirs  across  rivers  for  supplying  irrigation  canals,  are 
commonly  constructed  in  the  United  States  of  timber  cribwork  filled 
with  rul)l)le  stone ;  hut  the  weir  across  a  rocky  gorge  of  the  San 
Joaquin  River  consists  of  a  masonry  dam,  103  feet  high,  founded  on 
solid  rock,  raising  the  water  sufficiently  to  pass  it  through  a  tunnel  in 

'  "Irrigation  Works  in  India  and  Egypt,"  R.  B.  Buckley,  p.  143. 
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rock,  500  feel  long,  for  supplying  the  Turlock  Canal  in  California  ;  and 
masonry  weirs  have  generally  been  constructed  10  raise  rivers  in  Spain  ^   , 
for  supptyir^  irrigation  canals. 

The  head  of  a  perennial  canal  should  be  placed  where  the  r 
bank  is  stable,  the  flow  of  the  river  unifarm,  and    its   course   f 
Sraight,  so  ihai  the  entrance  to  the  canal  may  not  be  liable,  either  t 
be  eroded  by  the  current,  or  silted  up  by  a  change  in  the  rivei  ' 
The  supply  of  water  to  the  canal  is  regulated  by  a  set  of  sluices  3 


MOVABLE   SHUTTER 


id,  divided  by  masonry  piers  supporting  a  bridge,  from  which  the 

ites  are  raised  or  lowered,  consisting  generally  of  draw-door.s 

between  grooves  in  the  piers,  but  sometimes  formed  of  movable 

roUing-up  curtains,  planks,  or  needles.     The  sills  of  the  sluices 

rf  above  the  river-bed  to  exclude  the  heavy  detritus  brought 

;  whilst  the  sluice-gales,  or  the  bridge  sheltering  them,  are  carried 

lOve  the  highest  flood-levet  to  prevent  the  floods  from  pouriny  into 

canal. 

BemarkB  on  Upper  Perennial  Canals. — When  these  canals  start 
m  the  higher  part  of  a  river  valley,  the  fall  obtainable  is  generally  ample, 
and  the  weir  across  the  river  of  very  moderale  dimensions;  but  the 
upper  part  of  the  canal  is  liable  to  have  to  traverse  nigged  country 
involving  cosily  works,  the  flow  of  the  river  is  generally  very  variable, 
and  carries  down  large  detritus  which  must  be  excluded  from  the  canal, 
am]  the  distance  10  the  lands  to  be  irrigated  Is  long.  When,  however, 
Ihe  canal  begins  in  a  lower  part  of  the  valley,  like  the  Sone  Canals, 
or  even  the  lx)wer  Ganges  Canal,  the  considerable  width  of  the  river 
sccessiiates  a  long  weir,  the  works  across  the  head  of  the  canal  may 
have  to  be  founded  on  alluvial  soil,  and  the  available  fall  is  moderale; 
hut,  on  the  other  hand,  the  river  has  a  larger  and  less  variable  flow  thaaj| 
higher  up,  the  sediment  carried  along  is  finer  and  more  suitable  fora 
^msMling  on  the  land,  the  canal  works  pass  through  a  fairly  flat  counti^J 
Bid  iht  lands  to  be  irrigated  aie  comparatively  near. 

Beltaio  Perennial  CanaU.— The  flat,  alluvial  lands  between  ti 
Iifanchc*  of  a  rivei  delta,  only  raised  slightly  above  sea-level  by  1 
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gradual  deposit  of  the  sediment  of  the  river  in  the  sea,  are  for  the  most 
(xirt  lower  than  the  land  bordering  the  branches,  owing  to  the  rapid 
deposit  of  silt  on  the  banks  directly  the  river  begins  to  overflow ;  and, 
accordingly,  there  is  no  difficulty  in  irrigating  these  low-lying  lands  by 
raising  the  river  at  its  low  stage  by  a  weir  across  the  head  of  the  delta, 
from  which  water  is  supplied  to  deltaic  canals  following  the  higher 
ground  bordering  the  branches ;  and  there  is  a  sufficient  fall  from  diese 
canals  for  distributing  channels  to  convey  the  water  on  to  the  lands  of 
the  delta.  As  a  river  before  it  reaches  its  delta  has  received  the  flow 
of  all  its  tributaries,  which,  in  an  extensive  river  basin,  may  derive  their 
supplies  from  regions  subjected  to  a  very  varied  rainfall,  the  river 
generally  has  a  fair  discharge  at  the  head  of  its  delta ;  and  as  a  large  river 
has  usually  attained  a  considerable  width  towards  the  termination  of  its 
course,  a  long  weir  is  required  across  the  head  of  its  delta,  reaching 
2^  miles  at  the  Godaveri  delta,  t^  miles  at  the  Mahanadi  delta,  and 
3290  feet  across  the  two  main  branches  of  the  Nile  delta,  or,  with  the 
connecting  wall,  nearly  i^  miles. 

The  Godaveri  and  Mahanadi  weirs  are  similar  in  type  to  the  Sooe 
weir  (Fig.  275,  p.  432),  being  solid  weirs  over  which  the  floods  pass 
with  a  slight  drop  below  the  crest,  percolation  being  guarded  against  by 
two  rows  of  masonry  wells  sunk  down  into  the  bed,  supporting  walls  of 
masonry  with  rubble  between,  and  protected  on  each  slope,  by  pitdung 
in  the  Mahanadi  weir,  but  with  a  thick  masonr}*  floor  all  along  the  top 
in  the  Godavt-ri  weir.  The  river  is  held  up  about  16  feet  above  its 
low  sUige  by  the  Mahanadi  weir,  with  hinged  shutters,  3  feet  high, 
(Ml  its  crest.  The  Nile  weirs,  or  sluices,  consist  of  a  high  vrall,  or 
l>ridgc,  ]>icrccd  by  a  number  of  openings,  16^  feet  wide,  separated  by 
piers,  6i  feet  in  width,  standing  upon  a  platform  of  considerable  width 
along   the   liver  (Fig.  277).     There  are  sixty-one  oj)enings  across  the 

IRRIGATION   WEIR   AT   HEAD   OF   DELTA. 
Fig.  277.     Barrages  at  Head  of  Nile  Delta. 
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Rosetta  l^rancli,  and  seventy-one  across  the  Damietta  Branch,  through 
which  the  Hoods  of  the  Nile  ])as.s.  As  the  water  at  first  escai.>ed  under 
the  Hoor,  and  threatened  to  undermine  the  structure  when  an  attempt 
was  made  to  lower  the  revolving,  cylindrical  sluice-gates  originally 
provided,  the  floor  and  apron  of  the  weir  have  been  considerably 
tiiickened  and  extended,  and  the  shaken  work  consolidated ;  and  the 
openings  are  now  closed  with  lifting  gates  sliding  on  free  rollers,  which 
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hold  up  the  water  13  feet  above  the  highest  part  of  the  floor,  and 
worked  with  much  greater  facility  than  the  original  gates. 
The  regulating  sluices  at  the  head  of  deltaic  canals  are  similar  to 
constructed  for  upper  perennial  canals ;  and  the  canals  themselves 
no  difficulty  in  construction,  being  formed  throughout  in  flat 
land.  Owing  to  the  small  fall  available,  these  canals  are  not  liable  to 
be  eroded  by  the  current ;  but  with  the  small  velocity  of  their  flow,  they 
are  exposed  to  accumulations  of  silt.  Perennial  irrigation  of  deltaic 
lands  necessitates  their  protection  from  floods,  by  embanking  the 
branches  of  the  delta ;  but  this  involves  the  loss  of  the  fertilizing  silt 
by  the  river  over  the  flooded  lands,  which  cannot  be  com- 
for  by  the  comparatively  clear  water  carried  on  to  the  lands 
by  the  canals  drawing  their  supply  from  the  dammed-up  river  during  its 
low  stage. 

The  canals  of  the  Cauveri  delta  (Fig.  274,  p.  428)  can  irrigate 
^19,500  acres;  those  of  the  Godaveri  delta,  with  a  maximum  discharge 
of  8500  cubic  feet  per  second,  612,000  acres;  those  of  the  Kistna  delta, 
"with  a  discharge  of  8100  cubic  feet  per  second,  475,000  acres ;  and  the 
Oiissa  Canals  of  the  Mahanadi  delta,  with  a  discharge  of  6060  cubic 
feet  per  second,  can  irrigate  about  400,000  acres.  The  canals  of  the 
Jifile  delta,  which,  since  the  repairs  of  the  floors  of  the  weirs,  have  been 
enabled  to  discharge  13,420  cubic  feet  per  second  in  an  ordinar\-  year, 
"but  whose  discharge  might  fall  to  7060  cubic  feet  per  second  in  a 
minimum  year,  can  irrigate  an  area  for  summer  crops  of  1,520,000  acres, 
the  total  cultivated  land  in  the  delta  reaching  3,430,000  acres,  and  the 
area  capable  of  cultivation  by  inundation  canals  and  basins  amounting 
to  3,930,000  acres. 

BemarkB  on  Deltaic  Perennial  Canals. —  The  long  weir  at  thi 
head  of  a  delta,  and  the  regulating  works  for  controlling  the  flow  in 
the  canals,  all  of  which  have  to  be  founded  on  alluvial  soil,  are  tht 
only  works  which  present  any  difficulty  in  providing  for  th<;  ])iTennial 
irrigation  of  deltas.  Efficient  drainage,  however,  of  the  irrigated  land 
is  also  required  for  certain  crops,  and  to  prevent  the  accumulation  of 
lalt  deposits  on  the  surface  of  the  land;  and  it  is  not  always  easy  to 
find  a  good  outlet  for  this  drainage  from  the  low-lying  lands. 

Deltaic  irrigation  works  have  yielded  very  large  returns  in  some 
cases  in  India,  as  exemplified  by  the  revenues  derived  from  the  Cauveri. 
Kistna,  and  Godaveri  deltaic  canals.  Nevertheless,  there  remains  the 
serious  objection  to  deltaic  perennial  irrigation,  where  the  land,  as  in 
Egypt,  requires  periodical  renovation  by  the  (le])Osit  of  the  fertilizing 
mud  brought  down  by  the  river,  that  a  considerable  portion  of  this  silt 
is  excluded  by  the  embankments  for  protecting  the  summer  crops  : 
whilst  the  land  is  more  rapidly  exhausted  by  raising  summer  as  well  as 
winter  crops.  Moreover,  the  silt  excluded  from  the  formerly  flooded  area 
by  the  embankments,  is  confined  within  the  embanked  channel,  and  either 
deposits  in  the  channel,  raising  its  bed  and  contracting  its  section,  or 
being  carried  forward  to  the  outlet,  obstructs  the  outflow  of  the  river, 
and  hastens  the  advance  of  the  delta  in  front  of  the  branches,  thereb> 
■further   impeding  the  drainage  of  the  protected  low-lying  lands.     In 
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view  of  the  gradual  deterioration  of  the  land  of  Lower  Egypt,  and  tbe 
loss  that  must  be  entailed  in  the  cultivation  of  summer  crops,  from  tbe 
failure  of  an  adequate  supply  in  years  when  the  discharge  of  the  NBe 
falls  to  a  minimum,  it  would  have  been  better  to  retain  the  old  system 
of  basin  irrigation  in  the  Nile  delta,  which  was  so  successful  in  former 
times  with  its  yearly  renewal  of  the  fertile  layer  of  silt,  and  to  have 
restricted  summer  irrigation  to  the  higher  lands  rarely  reached  by  the 
yearly  inundation. 
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CHAPTER    XXVII. 

RIVER   QUAYS,   BASINS,  AND    DOCKS. 

^>  table  sites  for  docks  ;  jett>'  ports  ;  seacoast  ports  ;  quays — River  quays, 
instances — Foundations  for  quay  walls  alongside  rivers,  well-foundations 
on  Clyde,  compressed-air  foundations  at  Antwerp,  piles  for  Rouen  and 
New  York  quays,  large  blocks  for  Dublin  quays,  detached  piers  con- 
nected by  arches — Basins  and  quays  on  seacoast,  concrete  blocks  in 
courses,  in  sloping  rows — Remarks  on  river  and  maritime  quays,  relative 
merits  of  different  systems  of  c^uay  walls,  precautions  in  backing  up, 
depth  obtained  for  vessels ;  Liverpool  landing-stage,  compared  with 
quays  of  docks — General  arrangements  of  basins  and  docks,  definition 
of  terms  "  basin  "  and  **  dock  ; "  objects  of  the  arrangements,  at  South- 
ampton, Marseilles,  Albert  and  Victoria  Docks,  London,  at  old  ports  ; 
mam  and  branch  docks — Approaches  to  basins  and  docks,  requirements, 
instances,  naturally  sheltered,  sheltered  by  breakwaters,  jetty  channel — 
Depth  of  basins  and  docks,  dependent  on  depth  of  approach  channel, 
fixed  by  sill  of  entrance  and  height  of  neap  tides — Excavation  of  basins 
and  docks,  arrangements — Foundations  for  dock  walls,  borings,  con- 
crete, piling,  wells — Pressures  against  dock  walls,  defined,  influence  on 
waUs,  counteracting  resistances — Provisions  against  movement  of  dock 
walls  described — Forms  of  basin  and  dock  walls,  batter  on  face, 
widening  out  at  back  downwards  in  steps,  height,  proportion  of  widths 
to  heights — Construction  of  dock  walls,  materials,  relative  advantages — 
Pitched  slopes  and  jetties  for  docks,  objects,  suitable  for  coal-tips. 

!)ocRS  are  most  conveniently  constructed  on  low-lying  land,  or  high 
oreshores,  bordering  a  tidal  river  or  estuary,  near  the  deep-water 
iiannel  affording  access  to  the  sea ;  for  by  this  arrangement  the  con- 
traction is  effected  on  land  and  on  the  reclaimed  foreshore,  the 
axavations  for  the  dock  serve  to  raise  the  land  alongside  for  forming 
[uays  some  feet  above  the  highest  tide,  the  entrance  is  in  a  protected 
ituation,  and  a  natural  approach  channel  is  provided  for  vessels  trading 
ridi  the  port.  Moreover,  many  of  the  principal  seaport  towns  requiring 
locks  for  the  accommodation  of  their  traffic,  are  situated  upon  tidal 
[vers  or  estuaries,  alongside  which  low-lying  hind  in  the  neighbourhood 
f  die  port  is  generally  found.  In  the  absence,  however,  of  large  rivers, 
orts  have  sometimes  been  long  ago  established  on  the  seacoast  at  the 
acmth  of  small  rivers  or  creeks,  affording  a  natural  protection  for  small 
nft,  the  tidal  flow  and  ebb  from  which  maintained  an  outlet  channel  to 
be  sea  across  the  foreshore ;  and  to  meet  the  exigencies  of  the  increased 
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draught  of  vessels,  these  channels  have  been  guided  by  jetties  and 
deepened,  at  first  by  the  scour  at  low  tide  of  the  discharge  from  sluioDg 
basins  formed  in  very  low  land  and  filled  at  high  water,  and  subse 
([uently  in  a  more  effectual  manner  by  sand-pump  dredgers,  as  illustrated 
by  the  histor>'  of  such  ports  as  Calais,  Dunkirk,  and  Ostend,  which  have 
been  furnished  with  docks  communicating  with  the  improved  channels 

(Fig.  290,  p.  450)-* 

In  tideless  seas,  the  delta-forming  rivers  flowing  into  them  are  liabk 

to  be  obstructed  by  a  bar  at  their  mouths ;  and  consequently  ports  have 

had  to  be  constructed  on  the  open  seacoast,  with  breakwaters  protecting 

the  basins  formed  along  the  shore  for  the  accommodation  of  vessels,  of 

which  Marseilles,  the  first  port  of  France,  furnishes  a  notable  example 

'(Fig.  283,  p.  443).     Occasionally  also,  where  tidal  rivers  are  shaUow or 

exposed   to  accretion,  a  harbour  is  constructed  on   the   seacoast  to 

provide  a  deep,  sheltered  approach  to  the  port,  as  adopted  at  Sunderland, 

and  being  carried  out  at  Havre  (Fig.  286,  p.  447). 

River  ports  are  sometimes  merely  provided  with  quays  along  the 
banks,  especially  where  the  rise  of  tide  is  small,  and  the  river  perfectly 
sheltered ;  and  the  river  in  this  case  serves  as  the  basin  in  which  vessels 
lie,  and  its  banks  serv^e  as  the  quays  for  the  unloading  and  shipping  of 
goods.  Ports  of  this  kind,  with  a  large  trade,  are  provided  in  addition 
with  open  basins  alongside  the  river  where  the  rise  of  tide  is  small,  to 
increase  the  accommodation  for  vessels  and  the  quay  space  for  mer- 
chandise. Where,  however,  the  range  of  tide  at  river  ports  is  large,  dode 
are  constructed,  approached  through  entrances  or  locks,  whose  gates 
retain  the  water  in  the  docks  during  the  fall  of  the  tide  in  the  river, 
so  that  the  vessels  in  them  may  always  remain  afloat,  and  not  experience 
great  variations  in  level,  which  inconvenience  shipping  operaUons. 

River  Quays. — The  construction  of  river  quays  is  generally  com- 
bined with  a  regulation  and  deepening  of  the  river  channel ;  and  qua)'S 
are  usually  the  first  works  undertaken  for  a  river  port  where  the  tidal 
rise  is  moderate.  Thus  quays  were  erected  along  the  banks  of  the 
Ch  de  below  Glasgow  simultaneously  with  the  improvement  of  the  river, 
and  long  before  basins  were  constructed ;  and  the  long  line  of  qua)'S 
carried  out  on  the  right  bank  of  the  Scheldt  in  front  of  Antwerp  and 
above,  and  the  quays  along  both  banks  of  the  Seine  at  Rouen,  have  been 
laid  out  so  as  to  regulate  the  course  and  width  of  these  rivers ;  whilst 
dredging  has  been  resorted  to  for  increasing  the  depth  of  water  along 
their  face  where  required. 

Foundations  of  Quay  Walls  alongside  Rivers. — The  foun- 
dations for  river  quay  walls  in  soft  alluvial  soil,  liable  to  extend  some 
depth  down,  where  the  water  cannot  be  excluded,  and  the  walls  have 
occasionally  to  be  laid  right  in  the  bed  of  the  river,  as  has  been  the 
case  for  part  of  the  Antwerp  quays  where  the  river  had  to  be  narrowed, 
necessitate  special  methods  of  construction,  to  ensure  the  stabilit)*  of 
the  walls  when  the  river  in  front  is  deepened  and  loads  are  placed  on 

'  **  Harbours  and  Ducks,"  L.  F.  Vernon-Harcourt,  pp.  148,  152,  and  155,  and 
plate  I,  figs.  5,  7,  and  10. 
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the  quays  at  the  back,  exposed  as  these  walls  are  to  a  variable  supporting  1 
water-pressure  at  their  face  according  to  the  slate  of  the  tide.  Well- 
foundAtions  were  adopted  for  some  of  the  quay  walls  on  the  Clyde 
fFig.  33,  p.  67);  and  foundations  excavated  and  laid  inside  caissons 
by  aid  of  compressed  air  (Fig.  31,  p.  75),  have  been  employed  for  the 
.■\n(werp  quay  walls,  built  verj*  substantially  of  masonry  and  brickwork 
(Fig.  378).  A  much  lighter  and  more  economical  construction  has  been 
used  at  Kouen,  testing  upon  piles  driven  down  through  the  alluvial  bed 


of  ihc  Seine  to  a  chalk  stratum,  with  a  small  rubl}le  masonry  quay  wall  I 

face  down  to  low  water,  buiit  upon  blocks  of  c 
faced  with  brickwork  like  the  wall,  deposited  within  watertight  timber 
caissons  sunk  on  to  piles  cut  off  at  the  level  of  9I  feet  below  low  water 
(Fig,  379).  These  quay  walls,  costing  ^^36  6s.  per  lineal  foot,  inclusive 
of  the  making  up  of  the  quays  for  a  width  of  aoo  feet  from  the  face,  have 
proved  fx-TfecUy  stable,  though  the  quays  are  liable  to  be  loaded  with 
good&  imjnsing  a  weight  of  7  tons  on  the  square  yard.  The  New  York 
quays  holering  the  Hudson,  or  North  River,  which  were  founded  upon 
a  stratum  of  silt  of  such  a  thickness  that  no  firm  bottom  could  be 
fcTched,  resemble  the  Rouen  quays  in  general  construction,  with  the 
fi;ception  that  the  ground  round  the  upper  part  of  the  piles,  and  under 
the  quay  wall,  was  consolidated  at  the  outset  with  small  stones,  deposited 
Ui  a  dredged  trench  to  a  depth  of  30  feet  below  low  water,  through 
which  layer  the  piles  were  driven,  and  were  further  supported  both 
behind  and  in  front  by  mounds  of  rubble  stone  down  to  the  same 
dcptlv,  raised  at  the  hack  above  the  lop  of  the  piles,  and  in  t 
Imwc  of  the  quay  wall ; '  but  in  spite  of  all  precautions,  some  s 
'  "  (lothouis  and  Docks,"  p.  43S.  and  plate  t^,  lig.  18. 
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CDiild  not  be  avoidtd  un  this  very  soft  foundation.     The  cost  of  dus 
quay  wall  was  jQ^q  i6s.  per  lineal  foot. 

The  lower  portion  of  the  Dublin  quay  wall  alongside  the  River  liffey, 
up  10  a  little  above  low  water,  has  been  formed  by  a  single  ro*  ck 
nibble  concrete  blocks  weighing  about  360  tons.  These  large  block* 
were  built  on  a  staging  projecting  into  the  water,  from  wbtch,  dVa 
having  become  thoroughly  set,  they  were  lifted  one  by  one  by  a  vwy 
powerful  floating  derrick,  which  transported  the  blocks,  and  deposited 
them  in  their  proper  position  in  the  river  at  low  water,  on  a  bottooi 
previously  excavated  and  levelled  by  men  in  a  diving-bell,  in  a  deplb 
of  about  aS  feet  at  low  tide.'  On  the  lop  of  this  row  of  blocks,  restir^[ 
on  the  bottom,  and  yei  high  enough  to  emerge  out  of  water  at  low  tide, 
a  continuous  masonry  wall  has  been  built  up  to  quay-level  (Fig.  j8oK 


Occasionally,  instead  of  making  the  lower  part  of  a  river  qtiay  "1 
continuous,  piers  are  sunk  tlirough  the  alluvial  bed  of  the  rivet  to  * 
solid  stratum  at  intervals  of  from  about  26  to  40  feet,  to  reduce  the  co>I 
of  the  foundations  ;  and  the  intervening  spaces  are  spanned,  near  loi^ 
water  level,  by  iron  girders  or  arches  supported  by  the  piers,  upon 
which  a  continuous  quay  wall  is  constructed,  the  filling  at  the  liict 
for  the  quay  being  retained  behind  the  apertures  by  a  rubble  mound, 
which,  in  the  case  of  arches,  forms  the  base  for  the  dwarf  wall  al  the 
back  of  the  arch.  Quay  walls  along  the  River  Tagus  at  Lisbon  ha« 
been  construaed  on  this  principle,  with  iron  girders  cased  in  masonir 
spanning  the  intervals  of  26  to  33  feet  between  the  piers,  on  which  1 
quay  wall,  in  a  line  with  the  front  of  the  piers,  has  been  built ;  "hil" 
al  the  quay  wall  along  the  river  Garonne  at  Bordeaus,  masonry  .nrcbo. 
with  a  rise  of  6j  feet,  have  been  adopted  for  bridging  ihe  inti,-i«'» 
I  "between  the  piers  sunk  39^  feet  apart,  built  on  centering  floated  inw 
1  position."     In   both   these  cases,  compressed  air   was   employetl  '"r 
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carrying  down  the  caissons,  on  which  the  piers  were  erected,  to  a  suitable 
foundation,  the  caissoa  with  its  enclosure  above  being  floated  out 
between  pontoons  to  its  proper  position,  according  to  the  system  used 
for  the  Antwerp  quays  (p.  75);  but  it  is  evident  that  large  masonry 
wells  might  also  be  applied  to  the  same  purpose  under  favourable 
conditions,  though  the  sinking  vertically  of  the  structure  cannot  be 
effected  with  the  same  precision  by  this  method  as  with  compressed  air. 
BaBina  and  Quays  for  Forts  on  the  Seacoast. — In  ports 
on  the  open  seacoast,  protected  by  an  outlying  breakwater  parallel  to 
the  shore,  such  as  Marseilles  and  Trieste,  basins  are  formed  within  the 
shelter  of  the  breakwater,  by  carrying  out  wide,  solid  jetties  at  right 
angles  10  the  shore,  lined  with  quay  walls  alongside  which  vessels  can 
lie ;  whilst  the  jetties  and  embanked  shore  furnish  the  requisite  quay 
space  for  the  l^andJing  of  goods,  the  erection  of  sheds,  and  the  laying 
down  of  lines  of  way  (Fig.  283),     The  quay  walls  surrounding  these 


'bauns,  like  river  quay  walls,  have  to  be  constructed  in  the  water;  and  ' 
those  at  Marseilles  and  Trieste  consist  for  the  most  |)arl  of  a  foundation 
mound  of  rubble  stone  laid  on  the  soft  sea-bottom,  surmounted  by  a 
wall  of  concrete  blocks,  from  1 1  to  14^  feet  in  width,  brought  up  to  sea- 
level,  and  capped  by  a  small  masonry  and  concrete  wall  raised  about 
8  to  JO  feet  out  of  water  up  to  quay-level  (Fig.  a8i,  p.  442),  The 
moM  recent  quay  walls,  however,  at  Marseilles,  having  reached  a  site 
where  the  bottom  is  rocky,  have  been  constructed  of  masonry  through- 
out by  the  help  of  compressed  air,  with  a  batter  on  the  face  and 
stepping  out  at  ilie  back,  so  that  the  width  increases  with  the  depth,'  as 
in  ordinary  quay  walls. 

At  the  [jori  of  Mormugao,  on  the  western  coast  of  India,  a  quay  wall 
under  shelter  of  the  breakwater  protecting  the  harbour,  has  been  formed 
with  concrete  blocks  laid  in  sloping  rows,  on  a  thin  layer  of  rubble  stone, 
by  a  «eam-crane  travelling  along  the  finished  wall,  with  its  jib  over- 
hanging  the  outer  end  (Fig.  282,  p.  441).*    'ITie  two  quay  walls  shown 
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in  Figs.  281  and  282,  with  blocks  deposited  in  courses  in  the  sea  on  a 
rubble  mound,  resemble  some  breakwaters  in  their  method  of  constiuc- 
tion,  but  have  a  slighter  section  owing  to  their  sheltered  position. 

Remarks  on  River  and  Maritime  Quaya — ^The  mils  of 
river  quays  and  of  quays  in  the  sea,  having  to  be  founded  under  water 
and  constructed  in  the  water  up  to  the  lowest  water-level,  are  necessarily 
costly  works  if  built  in  a  solid  manner,  whether  founded  on  wells,  or  by 
aid  of  compressed  air,  or  raised  above  water  by  large  concrete  blocks  or 
courses  of  blocks ;  but  such  structures  are  very  durable,  and  well  suited 
for  ports  with  a  large  traffic,  and  accommodating  the  biggest  class  of 
ocean-going  steamers.  Dwarf  quay  walls  resting  upon  piles  and  timber- 
work  always  immersed  in  the  water,  provide  a  quay  of  a  more  economical 
type,  and  suitable  for  ports  where  the  traffic  is  not  very  large,  and  the 
steamers  frequenting  the  port  are  of  moderate  size,  or  where  the  badness 
of  the  foundations  prohibits  the  construction  of  a  heavier  wall.  Timber 
wharfing  on  piles,  and  iron  lattice-work  jetties  carried  on  cast-iron  piles 
or  cylinders,  provide  the  cheapest  forms  of  construction  for  accommo- 
dating river  traffic,  and  are  convenient  for  the  initial  development  of  a 
port,  and  for  passenger  traffic  j  but  timber  wharfing  is  subject  to  decay ; 
and  both  kinds  of  structures  are  liable  to  injury  from  shocks,  and  do  not 
furnish  such  suitable  quays  for  the  transhipment  of  goods  as  the 
arrangements  previously  described.  At  Rouen,  the  timber  whanes 
originally  erected  alongside  the  river  and  the  basins,  are  being  gradually 
replaced  by  the  dwarf  quay  walls  supported  on  piles,  adopted  for  several 
years  past  in  extending  the  quays  of  the  port  (Fig.  279,  p.  441). 

The  driest  and  most  durable  materials  available  should  be  put  at  the 
back  of  quay  walls,  such  as  rubble  stone,  slag,  chalk,  gravel,  and  sand, 
to  secure  them  from  the  pressure  caused  by  clay  or  silt,  swelling  and 
rendered  almost  fluid  by  the  accumulation  of  water  behind  the  wall, 
tending  to  push  the  wall  forward.  In  spite  of  the  weight  of  the  Antwerp 
quay  wall,  and  the  stability  of  foundations  carried  out  under  compressed 
air,  a  portion  of  the  recent  extension  above  Antwerp  was  pushed  forward 
a  little,  owing  to  a  too  rapid  backing  up  for  forming  the  quay  behind. 
In  consequence,  the  foundations  of  the  remainder  of  the  wall,  in  course 
of  construction,  have  been  carried  down  lower  at  the  back,  giving  the 
base  an  upward  slope  towards  the  river;  and  the  foreshore  in  front 
of  the  toe  has  been  weighted  with  leaden  mats,  with  the  object  of 
preventing  the  wall  sliding  forward  into  the  river ;  whilst  the  backing  of 
the  wall  in  the  river  has  been  formed  of  layers  of  light  fascines  up  to 
low-water  level,  overlaid  with  rubble  stone  next  the  wall,  followed  by 
gravel,  and  sand  at  the  back,  to  reduce  the  pressure  behind  the  wall  to 
a  minimum.^ 

Maritime  quay  walls  must  be  extended  into  deep  enough  water  for 
vessels  of  the  largest  draught  frequenting  the  port  to  come  alongside 
them  ;  and  depths  of  from  26-5:  to  30  feet  have  been  obtained  in  front  of 
the  most  recently  constructed  quay  walls  at  Marseilles.     The  depth  also 

•  '*  Entrcprises  de  Travaux  Publics  et  Maritimes,"  H.  Hersent  ct  ses  FiUs  Pans 
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in  front  of  tidal  river  quays  should,  if  possible,  be  made  sufficient  for 
vessels  to  be  able  to  come  alongside  and  remain  afloat  at  the  lowest 
tides,  which  has  been  accomplished  at  Antwerp,  Rouen,  and  Dublin 
(Figs.  378,  279,  p.  441,  and  280,  p.  442);  whilst  the  newest  quays  at 
Southampton,  along  the  rivers  lichen  and  Test  near  their  confluence, 
give  a  depth  of  38  feet  at  Che  lowest  tides,  obtained  by  dredging,  and 
are  therefore  always  accessible  to  lai^e  vessels  (Fig.  284).    At  Liverpool, 
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where  the  tidal  rise  of  31  feet  at  the  highest  springs  is  too  large  to  admit 
of  river  quays  being  used,  the  large  Atlantic  liners  have  been  enabled  of 
late  years  to  embark  and  disembark  their  passengers  and  luggage  in  the 
River  Mersey  at  any  state  of  the  tide,  by  placing  a  landing-stage  floating 
on  pontoons,  3063  feet  long  and  80  feet  wide,  in  front  of  the  river  wall, 
connected  with  the  quay  by  a  Hoating  bridge,  550  feet  long,  and  six 
other  bridges,  with  varj'ing  inclines  according  to  the  height  of  the  tide, 
in  front  of  which  a  deep  channel  has  been  dredged. 

River  quays  possess  one  important  superiority  over  inner  basins  and 
docks,  namely,  the  facility  they  aflbrd  for  vessels  to  come  alongside  or 
to  depart  without  having  to  pass  through  entrance  channels  or  locks ; 
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but  this  advantage  is  somewhat  counterbalanced  by  the  vessels  being 
exposed  to  the  river  currents,  and  also  to  tidal  oscillations  whidi  iie 
for  the  most  part  excluded  from  docks.  Nevertheless,  very  eitensiTe 
dischaigii^;  and  loading  operations  are  carried  on  with  lai^e  ships  along 
the  Antwerp  quays,  in  spite  of  an  average  tidal  range  of  13^  feet.  The 
construction,  however,  of  quay  walls  alongside  a  river,  or  in  the  sea, 
involves  considerably  more  ditScult  operations  than  the  building  of 
basin  and  dock  walls  within  the  shelter  of  the  land  and  coffenlamSi 
where  the  foundations  are  kept  dry  by  pumping. 

General  Arrangements  of  BaB]jiB  and  Docks. — Though  basins 
with  open  entrances  to  the  sea  or  river  are  often  termed  docks,  it  wouU 


?,.?:',■, 


be  more  convenient  to  confine  the  term  "dock"  to  those  basins  whidi 
are  shut  oft"  by  entrances  or  locks  to  maintain  ihem  at  a  fairly  unifatn 
level,  and  to  employ  the  term  "  basin  "  for  those  partially  enclosed  areas 
of  water  which  are  approached  by  open  entrances,  and  are  subject  to 
whatever  variation.s  in  the  water-level  may  occur  outside,  as  well  as  foi 
those  outer  basins,  called  sometimes  half-tide  basins,  which  are  often 
interposed  between  a  dock  and  an  outer  entrance  or  lock,  whose  water- 
level  is  generally  drawn  down  during  a  rising  or  falling  tide,  in  order 
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that  they  may  serve  as  laige  locks  to  facilitate  the  exit  or  entrance  ot 
vessek  some  time  before  or  after  high  water  (Fig.  385). 

The  eitact  arrangement  and  fonns  of  the  basins  and  docks  of  a  port, 
must  depend  upon  the  available  site ;  but  the  great  object  Co  be  aimed 
at  in  their  design,  is  to  obtain  as  long  a  length  of  quay  in  proportion  to 
the  water  area  as  is  compatible  with  the  convenient  access  of  vessels  to 
their  berths.  At  Southampton,  this  result  was  partly  effected  by  the 
diamond  shape  given  to  the  most  recent  basin,  known  as  the  Empress 
Dock ;  but  it  is  more  fully  accomplished  by  the  extension  of  deep>-water 
quays  in  Southampton  Water,  utilizing  the  existing  water  space,  and  by 
the  proposed  basins  designed  to  open  out  of  the  River  Test  (Fig.  384, 
p.  445).  At  Marseilles,  the  length  of  quays  depends  merely  upon  the 
number  and  length  of  the  solid  jetties  carried  out  from  the  shore ;  whilst 
the  open  basins  thus  formed  are  made  readily  accessible  by  the  open 
waterway  left  between  the  breakwater  and  the  ends  of  the  jetties,  which 
can  be  reached  round  either  extremity  of  the  breakwater  (Fig.  283,  p. 
443).  A  good  length  of  quay  can  be  attained  by  forming  a  long, 
somewhat  narrow  dock,  along  the  centre  of  which  there  is  sufficient 
room  for  vessels  to  pass  between  the  rows  of  vessels  lying  along  the 


quays  on  each  side,  as  exemplified  liy  the  Albert  Dock,  London  ;  or  by 
putting  out  jetties  into  a  wide  dock,  as  adopted  at  tlie  adjacent  Victoria 
Dock  J  and  both  these  systems  are  illustrated,  on  a  smaller  scale,  by  the 
Barry  Docks  in  the  Bristol  Channel  (Fig.  285). 

In  old  ports,  where  docks  have  lieen  gradually  extended  with  the 
growth  of  trade,  the  older  docks  are  generally  small  and  connected 
together  by  passages;  and  the  newer  docks  are  made  larger  on  the 
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'  Qi^aiest  suitable  site,  and  in  some  cases  on  land  reclaimed  Grom  tbc 
foreshore  of  the  adjacent  estuan-,  of  irhich  Liverpool,  Hull,  and  Hsfie 
(Fig.  i86,  p.  447)  himish  typical  instances,  A  vety  convenient  fatmoT 
docks  consists  of  an  outer,  main  dock  leading  to  a  series  of  lunot 
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branch  docks,  a  system  adopted  in  several  of  the  more  recenUy  con- 
stnicled  docks,  such  as  the  northern  Liverpool  Docks  (Fig.  187I,  ihc 
Tilbury  Docks  (Fig.  288),  and  the  Dunkirk  Docks  (Fig.  ago,  p.  450t, 
as  well  as  the  Manchester  and  Salford  Docks,  and  the  basins  of  thf 
Prince's  Dock  on  the  Clyde  nearGlasgow.  This  arrangement  comhincs 
easy  access  for  vessels  with  a  long  length  of  quay  in  a  more  peifwi 
manner  than  the  other  systems. 

Approaches  to  Basina  and  Docks. — The  two  requirements  foi 
an  approach  to  a  port  are  good  shelter,  and  an  adequate  depth.  IhUih) 
ports,  such  as  Rouen,  Rotterdam,  .\ntwerp,  Montreal,  Glasgow,  and 
Manchester,  possess  perfectly  sheltered  approaches  to  their  quayi. 
basins,  and  docks;  but  their  approach  channels  need  generally 
considerable  improvement,  and  in  the  case  of  Glasgow  and  Manchcstt^i 
have  had  practically  to  be  created,  in  the  first  instance  by  very  extcnsivt 
dredging,  and  in  the  second  case  by  the  construction  of  a  ship-caul 
Few  ports,  moreover,  combine,  like  Southampton,  excellent  shells, 
and  a  natural  deep-water  approach  from  the  sea,  needing  com[)aratit«l5 
little  improvement  to  render  the  Southampton  quays  accessible  at  onj' 
stale  of  the  tide;  whilst  the  channels  to  many  ports  can  only  I" 
navigated  near  the  time  of  high  water.  Thus  Liverpool,  though  doK  w 
the  seacoast,  has  only  been  rendered  accessible  at  aJl  times  by  reraotiiq: 
large  quantities  of  sand  from  the  channel  across  the  bar  by  suction 
dredgers,  and  by  resorting  to  a  landing-stage  in  the  river  ;  and  in  spur 
of  the  general  good  condition  of  the  Thames  esiiuary,  a  coosidciuik 
amount  of  dredging  is  needed  to  render  the  navigable  channel  to  the 
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Port  of  London  accessible  at  all  times  to  vessels  of  large  draught ; 
whereas  ports  under  the  conditions  of  Cardiff  and  Newport,  where, 
with  a  large  tidal  range,  the  approach  channels  become  very  shallow  at 
low  water  of  spring  tides,  must  always  remain  tidal  ports,  though 
possessing  an  ample  depth  for  the  largest  vessels  at  high  water. 

In  some  ports  on  the   open  seacoast,  an  outer  harbour  provides 
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shelter  for  vessels,  4s  well  as  a  protected  approach  to  ijuays  and  docks, 
of  which  Dover,  Colombo  (Fig.  305,  p.  472),  anil  Tabic  Bay  afford 
examples;  whereas  in  some  instances,  breakwatt^rs  mtjrely  facilitate  thi.- 
sccess  and  improvement  of  the  entrance  to  a  river  forming  the  approach 
channel  to  a  port,  sach  as  the  works  at  the  mouths  of  die  Tync,  Ihe 
Tees,  the  Wear,  and  the  Nervion.  The  Port  of  Havre  exhibits  the 
peculiarity  of  having  its  entrance  changed  from  a  somewhat  sbultercd 
position  neartbe  mouth  ofthe  Seine  estuarj-,  to  the  o[K;nst;ac«i>l  iietwecn 
converging  breakwaters,  to  secure  it  from  reiluction  in  depth  b\-  the  accre- 
tion taking  place  in  the  estuary  {Fig.  231,  p.  3S0,  and  Fig.  286,  p.  447). 
Several  French  and  Belgian  ports  on  the  Chanml  anti  North  Sea 
coasts,  have  an  entrance  channel  which  is  guided  aiT'iss  the  beach  and 
foreshore  by  parallel  jetties,  generally  built  soli<.l  up  to  a  little  above  low 
water,  and  with  open  timberwork  above,  and  has  been  considerably 
deepened  by  suction  dredging,  and  maintained  by  the  same  means 
|Fig.  390,  p.  450).  This  approach  channel  opens  into  a  tidal  harbour, 
through  which  access  is  obtained  to  the  well-sheltered  locks  leading  to 
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the  inner  docks.  As  regards  the  docks,  these  ports  are  pnctkally 
tidal ;  but  where  a  passenger  and  mail  service  exists  between  tiiest 
[x>rts  and  England,  the  entrance  channel  and  berths  of  the  mail-steamen 
liave  been  gradually  deepened  sufficiently  to  enable  these  vessels,  vitfa 
their  moderate  draught,  to 
enter  and  leave  the  harbov 
at  any  state  of  the  tide.  .\s 
the  entrance  channels  to 
these  ports  are  exposed  to 
the  introduction  of  saod 
drifting  along  the  shore,  ot 
stirred  up  from  outl)iiig 
banks  by  waves  in  stonns 
on  these  sandy  coasts,  cbc 
amount  of  rnaintenance  re- 
quired increases  with  the 
extension  of  the  depth; 
but  the  outlying  sandbaob 
serve  to  shelter  the  entiaoces 
to  some  extent  from  dtc 
worst  waves,  which,  otber- 
wise,  being  narrow  and  close 
to  the  shore,  would  be 
difficult  of  access  daring 
storms. 

Depth  of  Baiiiu  ud 
Docks.— The  depth  to  be 
provided  in  basins  and  docb 
must  depend  upon  the  avail- 
able depth  in  the  approadi 
channel,  or  the  depth  niuch 

' ' ' ' '  there  may    be  a  prtwpefl 

of  obtaining  by  improK' 
ments.  Basins  may  l)e  subsequently  deepened  by  dredging,  to  socfc 
an  extent  as  may  not  imperil  the  foundations  of  the  quay  walls  round 
them ;  hut  the  level  of  the  sill  at  the  entrance  to  a  dock  detenmne 
the  available  depth  of  the  dock.  Generally,  both  sills  of  the  lock  loi 
dock  are  placed  at  the  same  level ;  but  where  the  rise  of  tide  is  luge, 
or  the  depth  of  t!ie  approach  channel  is  good,  the  outer  siU  of  the 
entrance  lock  may  be  placed  at  a  lower  level  than  the  upper  sill,to 
enable  vessels  to  enter  or  leave  the  dock  some  time  before  or  ate 
high  water,  liy  being  locked  up  or  down.  The  depth  of  water  on  the 
iipiwr  sill  at  high  water  of  the  lowest  neap  tides,  fixes  the  limit  d 
draught  for  vessels  using  the  dock ;  and  a  margin  should  always  be 
allowed  between  the  keel  of  the  vessel  of  greatest  draught  and  the  aB. 
especially  when  chains  are  used  for,  working  the  gates,  as  they  fc 
across  each  other  on  the  sill  with  the  lock  open,  and  thus  rediiM 
somewhat  the  available  depth. 

ExcaTation  of  Basins  and  Docks. — Where  the  site  for  biav 


EXCAVATION  OF  DOCKS :  FOUNDATIONS  OF  WALLS.   45  I 

or  docks  is  on  land,  the  excavation  for  forming  them  is  carried  out  in 
the  ordinary  manner  by  aid  of  barrows,  waggons,  and  locomotives,  and 
often  by  the  use  of  excavators,  which  work  with  special  advantage  in  deep 
cuttings.  When  the  site  is  partially  covered  by  the  tide,  a  reclamation 
embankment  has  to  be  formed  by  tipping  the  excavated  material  from 
waggons,  so  as  to  enclose  the  site  and  exclude  the  tide,  the  outer  .toe  of 
the  embankment  being  often  protected  from  scour,  and  from  undue 
spreading  out  and  settlement  in  soft  silt,  by  a  mound  of  rubble  stone  or 
chalk ;  and  the  outer  face  of  the  embankment  has  to  be  protected  by 
pitching  in  exposed  situations.  The  final  closing  of  such  an  embankment, 
when  the  enclosed  area  is  large  and  the  tidal  range  considerable,  is 
somewhat  difficult,  and  often  fails  when  the  aperture  through  which  the 
tide  flows  and  ebbs  is  narrowed  by  a  high  embankment  on  each  side,  owing 
to  the  scour  of  the  current  rushing  through  the  restricted  opening.  The 
best  plan  is  to  bring  up  the  embankment  in  successive  layers  over  a 
long  length,  gradually  penning  up  the  water  inside  as  it  is  raised,  so  that 
the  tidal  influx  and  efflux  takes  place  over  a  wide  opening,  and  is  gradually 
restricted  in  depth  and  volume  as  the  embankment  is  brought  up  and 
the  water-level  in  the  enclosure  is  correspondingly  raised. 

A  cofferdam  or  enclosing  bank  has  to  be  constructed  in  front  of  the 
site  of  the  entrance  or  lock,  so  as  to  shut  off  the  approach  channel  from 
the  excavations  as  they  proceed,  and  enable  the  entrance  works  to  be 
carried  out  under  its  protection.  Centrifugal  or  chain  pumps  have  to 
be  established  at  suitable  points  in  the  excavations,  with  sumps  sunk 
below  the  level  of  the  lowest  foundations,  to  remove  the  water  flowing 
in,  and  to  raise  it  sufficiently  high  to  discharge  it  over  the  cofferdam  into 
the  approach  channel  or  other  convenient  outlet. 

The  excavated  material,  removed  in  trains  of  waggons,  is  tipped  on 
the  adjacent  low-lying  land  to  form  quays  ;  but  the  backing  behind  thr 
dock  walls  should  be  carried  up  in  layers  with  the  hardest  and  driest 
available  materials,  brought  by  barrows  from  the  tips,  or  raised  by 
cranes  in  skips  or  barrows  from  the  bottom  of  the  dock,  over  thr 
top  of  the  walls;  for  any  tipping  from  waggons  in  proximity  to  the 
back  of  the  wall,  is  fairly  certain  to  push  forward  the  wall  out  of  its 
proper  line. 

Foandations  for  Dock  Walls.  -  Borings  should  be  taken  alon^ 
the  lines  of  the  walls  of  docks  and  their  locks,  in  order  to  ascertain  the 
nature  of  the  strata  on  which  tliesc  walls  liave  to  be  founded,  as  the 
design  of  the  walls  must  depend  upon  the  nature  of  the  foundations, 
which  very  largely  affec^ts  the  cost  of  such  works ;  and  in  a  dock 
surrounded  by  quay  walls,  this  cost  constitutes  a  very  important  portion 
of  the  total  expenditure.  In  most  (ascs,  the  ground  at  some  (le[)t!i 
below  the  surface  is  sufficiently  firm  and  compact  to  sustain  the  weight 
of  a  dock  wall  resting  on  a  broader  bed  of  concrete;  but  sometimes  a 
stratum  of  quicksand  or  silt  is  met  with  at  the  required  de])th,  which 
is  too  thick  to  excavate,  or  is  too  charged  with  water,  or  whose  removal 
might  lead  to  settlement  and  slips  beyond.  Bearing  piles,  about  4 
or  5  feet  apart,  may  then  he  driven  into  the  stratum,  l)eing  capped 
and  connected  at  the  to])  by  walings  and  planking,  or  by  a  layer  of 
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concrete,  upon  which  the  wall  is  built;  or  circular  brick  or  concrete 
wells  have  been  sunk  to  a  solid  stratum,  as  adopted  for  founding  the 
walls  of  the  most  recent  basins  on  the  left  bank  of  the  Clyde  below 
Glasgow.  Sometimes  the  foundations  for  the  walls  have  been  enclosed 
within  a  double  row  of  sheet-piling,  confining  and  consolidating  the  soft 
stratum,  which  can  then  be  partially  excavated  within  the  enclosure,  and 
is  capable  when  thus  confined  of  bearing  a  greater  load ;  whilst  the  sheet- 
piling  at  the  back  relieves  the  wall  to  some  extent  from  the  pressure 
behind,  and  in  front  forms  a  support  for  the  toe  of  the  wall  against  a 
forward  movement. 

In  a  few  instances,  a  masonry  well  forms  part  of  the  base  of  the 
dock  wall  as  well  as  the  foundations,  especially  the  masonry  wells  of  the 
Bellot  Dock  at  Havre,  sunk  in  the  alluvial  foreshore  of  the  Seine  estuarj' 
before  the  completion  of  the  reclamation  bank,  in  order  to  expedite  the 
work  (Figs.  286  and  293,  pp.  447  and  453),  and  to  a  minor  extent  the 
masonry  wells  forming  the  piers  of  the  upper,  continuous  wall,  sunk  to 
a  considerable  depth  in  silty  alluvium  for  the  St.  Nazaire  and  Bordeaax 
docks. 

Pressures  against  Dock  Walls. — The  weight  of  half  the  prism 
of  earth,  at  the  back  of  a  dock  wall,  comprised  between  the  back  of  the 
wall  and  a  line  from  the  base  of  the  wall  at  dock-bottom  to  quay-level, 
representing  the  natural  slope  of  the  ground  at  the  back,  has  to  be  borne 
by  the  dock  wall ;  and  under  the  action  of  water  accumulating  at  the 
back  of  the  wall,  the  material  may  swell,  and  also  assume  the  nature  of 
rtuid  pressure  corresponding  to  the  density  of  the  mixture  of  silt  and 
water.  These  pressures  tend  to  make  the  wall  slide  forward,  to  sink  at 
its  toe,  and  to  go  over  at  the  top.  Till  the  water  is  let  into  the  dock 
on  the  completion  of  the  works,  the  only  counteracting  resistances  art 
the  weight  of*  the  wall,  the  opposition  of  the  mass  of  earth  in  front  of 
its  toe  to  any  motion  forward,  and  the  firmness  of  the  foundation  at 
its  toe. 

Provisions  against  Movement  of  Dock  Walls. — In  order  to 
reduce  the  pressure  behind  the  wall,  the  backing  should  be  formed  of 
materials  unaffected  by  water,  and  deposited  in  thin  horizontal  layeB 
well  consolidated,  so  as  to  press  as  little  as  possible  against  the  wall 
and  not  be  liable  to  slip  forward  ;  and  where  water  is  liable  to  accumo- 
late  at  the  back,  pij)es  should  be  laid  through  the  wall  a  little  abow 
dock-bottom  to  drain  off  the  water,  which  are  closed  just  before  the 
admission  of  the  water  into  the  dock.  Moreover,  by  constructing  the 
lower  ])art  of  the  wall  in  a  timbered  trench,  the  amount  of  loose  filling 
at  the  back  ran  be  greatly  reduced.  The  sliding  forward  of  a  dock  iwlJ 
depends  upon  the  nature  of  the  stratum  on  which  it  rests,  as  well  as  on 
the  pressure  at  the  back  ;  and  the  sliding  has  sometimes  occurred  l)elo« 
the  base  of  the  wall,  between  two  smooth,  horizontal  surfaces  of  clay 
quite  unconnected,  or  from  which  an  intervening  vein  of  sand  has  been 
washed  away.  Accordingly,  where  the  wall  is  founded  on  clay  or  other 
slippery,  though  hard  material,  especially  where  horizontal  dislocadoos 
may  be  ai)prehende(l,  the  resistance  at  the  toe  must  be  strengthened  b) 
carrying  down  the  foundations  some  feet  below  dock-bottom,  or  by 
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base  a  downward  slope  towards  the  back  (Figs.  391  and  391), 
wall  in  sliding  forward  would  either  have  to  rise,  or  push  a 
of  earth  in  front  of  it,  or  by  driving  a  row  of  sheet-piling 
toe  of  the  wall.  The  liability  of  a  dock  wall  to  sink  at  the 
come  forward  at  the  top,  can  only  be  counteracted  by  taking 
tions  down  to  a  solid  stratum  by  excavating  and  filling  in  with 
y  driving  bearing  piles  or  sinking  wells,  or  by  special  care  in 
in  and  filling  in  of  the  backing,  or,  in  very  treacherous  ground, 


ig  the  completion  of  the  backing  up  behind  the  wall  till  iht- 
been  admitted,  thereby  providing  a  compensatinii;  prcssurt 
;  face  of  the  wall. 

a  of  Basin  and  Cock  Walla, —  Xhe  only  differtnci- 
ordinary  basin  walls,  open  to  the  tide,  and  dock  walls,  buill 
in  both  cases  in  excavations  from  which  water  is  excluded, 
in  walls,  like  the  walls  of  the  tidal  basin  at  Tilbury  (Fig.  289, 
ire  exposed  to  variations  in  the  supportinj;  pressure  of  tht: 
ont,  to  the  extent  of  the  tidal  range,  and  should  therefore  be 
mewhat  greater  stability ;  though  both  dock  and  basin  walls, 
:ked  up  before  the  water  is  let  in,  are  subjected  for  a  short 
a  greater  pressure  at  the  back  than  they  are  subseciuently 
n  to  resist.  Owing  also  to  the  greater  depth  to  which  basin 
;enerally  excavated,  to  allow  for  the  fall  of  the  tide,  basin  walls 
:  given  a  correspondingly  greater  height, 

thickness  of  a  retaining  wall  should  increase  from  the  top  down- 
lilarly  to  the  pressure  at  the  back,  in  pro|K)rtion  to  the  height, 
basin  walls,  and  also  river  i[uay  walls,  are  generally  designed 
derate  thickness  at  the  top  to  enable  them  to  resist  shocks  of 
id  with  an  increasing  thickness  downwards  by  a  batter  on  the 
leppingsoutattheback  (Fig,  289,  p. 449, and  Figs.  191,  393, and 
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293).  A  batter  on  the  face  has  the  advantage  of  allowing  of  a  slight  comii^ 
forward  of  the  wall  at  the  top,  without  presenting  the  iinsightly  appear- 
ance of  an  overhanging  wall ;  but  the  straight  sides  given  to  modem 
vessels  has  necessitated  the  adoption  of  a  vertical  face,  except  near  the 
base,  to  enable  vessels  to  lie  close  alongside  the  quay  (Fig.  292,  p.  453). 
The  height  of  a  wall  above  dock-bottom  varies  with  the  depth  pro\ided 
below  the  lowest  water-level  in  front  of  the  wall,  and  the  greatest  tidal 
range,  between  low  water  and  high  water  for  a  basin  wall  quite  open  to 
the  tide,  and  between  high  water  of  neaps  and  high  water  of  springs  for 
a  dock  wall.  Though  the  depth  to  which  a  dock  wall  is  carried  depend* 
mainly  upon  the  nature  of  the  ground,  the  stability  of  the  wall  against 
sliding  forward  increases  with  the  depth  of  its  base  below  dock-bottom. 
On  the  average,  the  thickness  of  a  dock  wall  should  be  about  one-third 
of  its  height  above  dock-bottom  halfway  above  this  level ;  and  the 
thickness  of  the  wall  at  dock-bottom  should  be  equal  to  about  half  the 
height  of  the  wall  above  this  level. 

Construction  of  Dock  Walls. — Dock  walls  are  constructed  of 
masonry,  brickwork,  or  concrete,  or  of  a  combination  of  concrete  ^ith 
one  of  the  others.  Masonry  is  employed  in  the  neighbourhood  of  huge 
stone  quarries;  and  though  strong  overhead  staging  is  required  for 
carrying  the  gantries  for  handling  the  large  blocks,  a  strong  durabk 
wall  is  formed  with  it.  Brickwork  has  often  been  used  in  places  where 
bricks  are  readily  obtained,  or  can  be  made  on  the  works  ;  but  concrete 
has  been  largely  adopted  of  late  years  where  the  requisite  sand  and 
stones  are  readily  procured,  and  especially  where  suitable  gravel  and 
sand  are  found  in  thick  beds  in  the  dock  excavations,  as  in  the  bnd 
bordering  the  Thames ;  for  concrete  only  requires  to  be  deposited  within 
wooden  framing,  without  regular  scaffolding  or  skilled  labour,  and  there- 
fore under  favourable  conditions  forms  a  cheap  wall.  Some  dock  wall? 
have  been  constructed  wholly  of  concrete ;  but  special  care  has  to  l>e 
taken  to  form  a  hard,  strong  concrete  lining  at  the  face  and  top,  in 
order  to  avoid  abrasion  by  vessels  and  chains;  and  usually  a  stone 
coping  is  laid  along  the  top,  where  the  wear  and  tear  is  greatest 
(Fig.  291,  p.  453) ;  whilst  at  the  Tilbury  Docks,  the  face  has  been 
protected  by  a  lining  of  blue  bricks  (Fig.  289,  p.  449). 

Pitched  Slopes  and  Jetties  for  Docks. — Sometimes,  for  the 
sake  of  economy  in  construction,  pitched  slopes  are  formed  along  the 
sides  of  a  dock,  in  place  of  dock  walls  ;  and  jetties  are  run  out  at  inten*aL*! 
across  the  slope,  at  the  ends  of  which  vessels  can  lie,  instead  of  aloi^- 
side  a  continuous  quay  wall.  This  arrangement  is  convenient  at  ports 
where  the  growth  of  traffic  is  not  very  rapid,  as  the  jetties  can  be  con- 
structed as  required;  and  a  continuous  wharfing  can  be  eventually 
erected  along  the  foot  of  the  slope  to  serve  as  a  quay.  The  system, 
however,  is  especially  suitable  for  the  portions  of  the  docks  at  coal- 
shipping  ports  from  which  vessels  are  loaded  with  coal,  where  coal-tips 
are  established  at  definite  points,  to  which  waggons  of  coal  are  brought 
along  sidings  to  be  tipped,  and  where,  therefore,  jetties  projecting  across 
the  slope,  and  provided  with  a  coal-tip  at  their  extremities,  fulfil  precisely 
the  object  required  (Fig.  285,  p.  446). 
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DOCK  ENTRANCES,  AND  LOCKS ;  AND  GRAVING 

DOCKS. 

Arrangements  for  approaches  to  docks — Tidal  basins,  depth,  deposits, 
maintenance— Dock  entrances  and  locks  compared,  relative  advantages, 
in  conjimction  with  a  half-tide  basin — Entrances  to  docks,  arrange- 
ments, storm  gates — Locks  leading  to  docks,  description,  arrangements — 
Dimensions  of  entrances  and  locks  ;  increased  sizes  of  vessels  ;  instances 
of  largest  entrances  and  locks — Construction  of  locks,  description  of 
methods,  details,  materials  used,  forms  of  sill,  sluiceways — Construction 
of  dock-gates,  wood,  iron,  relative  advantages — Forms  of  dock-gates, 
straight,  gothic-arched,  segmental ;  rise,  pressures — Support  of  dock- 
gates,  methods  ;  roller,  object,  disadvantages  ^Working  of  dock-gates, 
with  chains,  with  piston — Caissons  in  place  of  dock-gates,  two  types  ; 
description,  instances  and  advantages  of  sliding  or  rolling  caissons  ; 
ship-caissons,  method  of  working,  limitations  to  use — Graving  docks, 
object,  dimensions  of  large  examples,  general  construction,  peculiar 
arrangements  at  Tilbury  and  Barr>'— Hydraulic  power  for  docks,  con- 
venient application  of  power,  accumulator  for  storage  and  regulation  of 
power,  replaced  by  electricity — Maintenance  of  depth  in  docks,  deposit, 
dredging,  replenishing  docks  with  clear  water,  instances. 

The  facilities  for  access  which  have  to  be  provided  for  docks  depend 
mainly  on  the  shelter  furnished  by  the  approach  channel.  Where  the 
approach  is  a  well-sheltered  river,  like  the  higher  part  of  the  Thames 
below  London  Bridge,  the  Scheldt  at  Antwerp,  and  the  Usk  at  New- 
port, or  a  minor  channel  branching  off  from  an  estuary,  like  the  entrance 
chamiel  to  the  Cardiff  Docks,  or  a  jetty  channel  like  Dunkirk  (Fig. 
290,  p.  450),  and  Leith  outer  harbour,  the  entrances  or  locks  leading 
to  the  docks  are  readily  reached  through  a  dredged  channel  with 
guiding  timber  jetties.  In  less  slieltered  approaches,  tidal  basins  are 
provided  with  a  wide  entrance,  through  which  vessels  pass  to  enter  the 
sheltered  entrances  or  locks,  of  which  arrangement  the  Liverpool, 
Tilbury,  and  Barry  docks  afford  instances  (Figs.  287,  288,  and  285, 
pp.  448,  449,  and  446).  At  exposed  sites,  entrance  harbours  have  to  be 
formed  by  breakwaters  for  sheltering  the  access,  as  exemplified  by 
Sunderland  and  Havre  (Fig.  286,  p.  447). 

ndal  Basins  leading  to  Docks. — The  tidal  basins  should  be 
given   the  same  available   depth  as  the  approach  channel,  or  even  a 
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somewhat  greater  depth  if  delay  is  liable  to  occur  in  entering  the  docks ; 
and  these  basins,  if  opening  into  a  river  or  estuary  whose  waters  are 
charged  with  sediment,  are  subject  to  a  reduction  in  depth  by  an  accu- 
mulation of  deposit  from  the  influx  of  the  river  water  at  every  tide. 
The  tidal  basin  at  Tilbury  has  been  given  a  depth  of  24  feet  at  Ion- 
water  of  spring  tides,  so  as  to  render  the  docks  accessible  at  any  state 
of  the  tide ;  but  as  it  receives  a  layer  of  muddy  water  from  the  Thames 
at  every  flood  tide,  having  a  range  of  21  feet  at  springs,  considerable 
deposit  takes  place,  which  has  to  be  removed  during  the  ebb  by  stirring 
up  the  mud  with  powerful  jets  of  water.  The  approaches  to  the  Liver- 
pool entrances  anJ  locks  have  to  be  maintained  by  sluicing  regularly  at 
low  tide ;  and  the  tidal  Canada  Basin,  with  its  floor  two  feet  below  the 
lowest  low  water,  has  its  depth  maintained  by  the  flow  from  a  series  of 
sluicing  pipes  connected  with  the  docks,  having  their  outlets  spread 
over  the  floor,  as  well  as  by  the  current  from  sluices  opening  out  of  the 
wing  walls  of  the  locks.  The  tidal  basin  leading  to  the  Barry  Docks, 
has  had  a  channel  dredged  through  it  to  a  depth  of  16  feet  below  low 
water  of  spring  tides. 

The  period  during  which  vessels  can  enter  docks  at  each  tide 
depends  upon  the  depth  which  can  be  maintained  in  the  tidal  basin,  or 
in  the  outer  harbour,  as  well  as  upon  the  available  depth  of  the  approach 
chaimel. 

Dock  Entrances  and  Locks  compared. — An  entrance  to  a  dock 
is  a  passage  closed  by  a  single  pair  of  gates ;  whereas  a  lock  is  closed 
by  two  pairs  of  gates  with  a  lode-chamber  between  them,  like  the  locks 
on  rivers  and  canals  previously  described.  An  entrance  takes  up  much 
less  space,  and  is  much  less  costly  than  a  lock,  and  is  therefore  con- 
venient when  there  is  little  space  available  behind  it  for  docks,  as  for 
instance  in  the  case  of  the  older  central,  and  the  southern  docks  of 
Liverpool.  An  entrance,  however,  necessitates  restricting  the  admission 
and  exit  of  vessels  to  the  time  of  high  water,  or  for  a  certain  time 
previous  to  high  water,  on  the  condition  of  drawing  down  the  water- 
level  of  the  dock  to  that  of  the  tide  outside ;  whereas  a  lock  enables 
vessels  to  leave  or  enter  docks  so  long  before  or  after  high  water  as 
there  is  sufficient  depth  in  the  approach  channel,  tidal  basin,  outer 
harbour,  or  entrance  channel,  and  over  the  lower  sill  of  the  lock. 
Nevertheless,  when  entrances  are  used  in  conjunction  with  a  half-tide 
basin  having  an  adequate  depth  for  its  level  to  be  lowered,  and  provided 
with  an  entrance  at  its  inner  end  communicating  with  docks,  as  well  as 
at  its  outer  end,  the  half-tide  basin  serves  as  a  large  lock  for  passing  a 
number  of  vessels  into  or  out  of  the  docks  before  high  water,  a  system 
largely  adopted  at  Liverpool,  one  of  these  basins  being  shown  in  Fig- 
287,  p.  448,  and  of  which  the  Barr}^  Docks  furnish  another  example, 
where  a  tidal  basin  with  entrances  was  originally  the  only  means  of 
access  to  the  first  dock  (Fig.  285,  p.  446).  Basins  have  also  been 
adopted  at  the  neighbouring  South  Wales  ports  of  Penarth  and  Cardiff, 
for  several  of  the  docks  of  the  Port  of  London,  and  at  Hull,  Bristol,  and 
other  ports ;  but  at  the  Port  of  London,  and  in  most  other  cases,  a  lock  ■ 
leads  to  the  basin ;  and  a  single  pair  of  gates,  or  a  lock,  or  a  passage    | 
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h  two  pairs  of  gates  pointing  opposite  ivays,  intervenes  between  the 
>in  and  the  dock.  With  an  outer  lock,  the  basin  chiefly  serves  for  the 
lection  of  the  outgoing  vessels  before  high  water,  which  are  readily 
ised  out  by  drawing  down  the  basin  to  the  water-level  outside  shortly 
'ore  high  tide,  and  opening  the  lock,  and  for  the  admission  of  in- 
ning vessels  on  a  level,  which,  after  the  closing  of  the  gates  soon 
zx  high  water,  are  passed  at  leisure  into  the  docks.  Where  the  rise 
tide  is  considerable,  the  outer  gates  have  to  be  closed  very  soon  after 
:  turn  of  the  tide,  as  the  closing  of  the  gates  with  a  strong  current 
ining  out  of  the  opening,  would  be  attended  with  danger  to  the  gates ; 
d  gates  pointing  both  ways  are  often  put  in  the  passages  between 
:Ics,  especially  where,  as  at  Liverpool,  several  docks  are  in  communi- 
ion  (Fig.  287,  p.  448),  in  order  that  the  water-level  in  the  various 
::ks  and  basins  may  be  regulated  independently  of  the  others. 
XntranceB  to  Docks. — Entrances  consist  of  a  single  pair  of  gates 


eing  against  a  raised  sill  at  the  bottom,  with  sluices  in  the  side  walls, 
se  walls  being  long  enough  on  the  inner  side  to  shelter  the  open 
;es  in  a  gate  recess  on  each  side,  and  on  the  outer  .side  to  provide 
ttresses  for  the  gates  when  closed ;  and  there  is  a  gate-floor  on  the 
ler  side  of  the  sill,  between  the  side  walls,  over  which  the  gates  turn, 
J  on  which  the  roller-paths  are  laid  when  the  gates  are  supported  on 
oiler,  with  an  apron  beyond  to  the  inner  end.s  of  the  side  walls,  and 
apton  on  the  outer  side  of  the  sill,  extending  to  the  outer  ends  of  the 
e  walls  (Fig.  394).  Sometimes  at  very  important  entrances,  provision 
nade  against  accidents  and  for  rejjairs  of  the  gates,  by  placing  two 
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pairs  of  gates  across  the  entrance,  a  plan  resorted  to  at  some  of  the 
Liverpool  entrances  (Fig.  287,  p.  448),  and  also  at  the  main  loo-feet 
entrance  to  the  Eure  Dock  at  Havre  (Fig.  286,  p.  447).  Where  outer 
entrances  or  locks  are  exposed  to  waves  or  swell,  tending  to  force  open 
the  gates,  which  would  be  injured  by  closing  violently  again,  the  gates 
are  protected  by  an  outer  pair  of  reverse  or  storm  gates  which  close 
against  the  waves,  a  precaution  adopted  at  Liverpool  where  the  entrances 
face  the  unprotected  openings  of  the  tidal  basins,  or  themselves  open 
directly  on  the  exposed  river,  and  also  at  Penarth,  Sunderland,  and 
other  somewhat  exposed  entrances. 

Locks  leading  to  Docks. — Locks  giving  access  to  docks  re- 
semble in  principle  locks  on  rivers,  and  at  the  entrances  to  ship-canals, 
already  described.     They  differ  from  entrances  in  having  two  pairs  of 
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gates  separated  by  a  lock-chamber,  which  should  be  sufficiently  long 
and  wide  to  receive  the  largest  vessels  ordinarily  frequenting  the  port, 
though  longer  vessels  can  be  admitted  at  high  water  through  the  open 
lock,  so  that  an  adequate  width  is  more  important  than  the  length,  and 
applies  equally  to  entrances,  which  admit  vessels  of  any  length  fiiat  can 
be  dealt  with  in  the  inner  docks.  The  chamber  is  enclosed  by  quay 
walls  on  each  side,  and  is  paved  at  the  bottom  by  an  inverted  arch,  or 
invert  as  it  is  called,  which  resists  the  upward  water-pressure  under  the 
( hamber  when  the  water  in  it  is  low,  and  abuts  at  each  side  against  the 
quay  walls,  effectually  securing  them  against  sliding  forward,  in  spite  of 
the  frequent  removal  of  the  supporting  water-pressure  in  front  by 
the  lowering  of  the  water-level  in  the  process  of  locking.  The  arrange- 
ment of  gates,  sill,  floor,  and  sluiceways  and  recesses  in  the  side  walls 
at  each  end  of  the  locks,  is  similar  to  those  described  above  for  an 
entrance.  Sometimes  an  intermediate  pair  of  gates  is  introduced  to 
expedite  the  locking  of  the  smaller  class  of  vessels,  and  also  to  sare 
water,  which  cannot  be  renewed  from  the  sea  at  the  lowest  neap  tides, 
and  is  occasionally  derived  from  an  inland  soiurce;  whilst  in  places 
where  the  rise  of  tide  is  large,  and  a  sufficient  depth  can  be  obtained  in 
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the  dock  below  high  water  of  neap  tides,  without  canning  the  excava- 
tions down  to  the  level  of  the  bed  of  the  entrance  channel,  the  inner 
sill  of  the  lock  can  be  laid  at  about  the  level  of  the  dock-bottom,  and 
the  outer  sill  carried  down  to  the  available  depth  in  the  entrance 
channel,  in  order  to  extend  to  the  utmost  the  tidal  period  during  which 
the  port  is  accessible  (Fig.  295). 

DimensioxiB  of  Entrances  and  Locks  for  Docks. — The  proper 
measure  of  the  accessibility  of  a  port  is  the  depth  of  water  over  the  sill 
of  its  entrance  or  lock  at  high  water  of  neap  tides,  provided  this  depth 
is  not  greater  than  the  available  depth  of  the  approach  channel ;  though 
vessels  of  larger  draught  can  be  admitted  at  high  water  of  spring  tides. 
The  draught  of  vessels  in  general  was  for  many  years  restricted  to  2/i^\ 
feet  by  the  depth  of  26  feet  in  the  Suez  Canal,  which  any  vessels,  except 
the  Atlantic  liners,  might  have  to  pass  through.  Atlantic  liners,  however, 
have  to  be  accommodated  at  certain  ports ;  and  shipbuilders  have  of  late 
years  been  constructing  vessels  of  increasing  dimensions.^  The  largest 
vessel  afloat  is  the  Oceanic^  685  feet  long,  68  feet  beam,  and  32^  feet 
maximimi  draught,  launched  in  1899;  ^^^  ^  vessel  700  feet  long  is 
being  built ;  whilst  the  depth  of  the  Suez  Canal,  which  is  now  28  feet, 
is  to  be  increa.sed  to  29^  feet,  and  the  extension  of  the  depth  to  32^  feet 
has  been  urged,  so  that  vessels  drawing  29-  feet  might  pass  through  it 
with  ease  and  in  perfect  safety. 

A  few  entrances  and  locks  were  made  100  feet  wide  many  years  ago, 
apparently  to  accommodate  large  paddle-wheel  steamers,  of  which 
Liverpool,  Birkenhead,  Barrow,  and  Havre  furnish  instances;  but  the 
largest  locks  on  the  Thames  have  a  width  of  80  feet,  and  this  width  is 
still  ample  for  the  largest  vessels.  Deeper  sills,  accordingly,  and  longer 
lock-chambers  have  been  the  chief  improvements  effected  in  recent 
works.  At  Liverpool,  a  new  entrance  has  been  constructed  leading 
into  a  new  large  half-tide  basin,  with  a  width  of  90  feet,  and  a  depth 
of  loj  feet  below  the  lowest  low  water  over  the  sill,  8^  feet  deeper  than 
the  lowest  previous  sills,  and  affording  a  depth  of  29  feet  at  high  water 
of  the  lowest  neap  tides  (Fig.  287,  p.  448).  The  most  recent  entrance 
lock  in  the  Port  of  London,  leading  to  the  Tilbury  Docks,  with  the 
standard  width  of  80  feet,  has  a  lock-chamber  700  feet  long,  and  a  depth 
over  its  outer  sill  of  23  feet  at  low  water  of  spring  tides,  and  40 i  feet  at 
high  water  of  neap  tides,  an  increase  in  length  of  150  feet,  and  in  depth 
of  8  feet,  over  the  previous  largest  and  deepest  lock  on  the  Thames  ;  and 
the  inner  sill  of  this  lock  is  6  feet  higher  than  the  other  two  (Fig.  288, 
p.  449).  The  newest  entrance  lock  at  Hull  has  a  width  of  85  feet,  a 
length  of  chamber  of  550  feet,  and  a  depth  over  its  outer  sill  of  29^  feet 
at  high  water  of  neap  tides,  an  increase  of  5  feet  in  width,  250  feet  in 
length,  and  6|  feet  in  depth  over  the  principal  previous  lock  on  the 
Humber ;  and  its  inner  sill  is  i  A  feet  higher  than  the  two  others.  The 
lock  at  the  Barry  Docks  is  65  feet  wide,  has  a  chamber  647  feet  long, 
and  a  depth  on  the  outer  and  intermediate  sills  of  41 J  feet  at  high  water 

*  "The  most  recect  Works    at   sonic   of  tht-   principal   liriiish    Seaports   aiul 
Harbours,  Paris  Navigation  Congress,  1900,"  L.  F.  Vernon-Harcourt,  pp.  i  to  2. 
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of  neap  tides,  and  on  the  inner  sill  9  feet  less  (Fig.  295,  p.  458);  whilst 
the  entrance  to  the  Barry  tidal  basin,  80  feet  wide,  has  a  depth  of  29J 
feet  over  its  sill  at  high  water  neaps  (Fig.  285,  p.  446).  The  lock  of  the 
new  dock  works  in  progress  at  Cardiff,  is  to  have  a  chamber  660  feet 
long,  with  a  width  of  80  feet  at  each  end  and  150  feet  for  the  central 
portion,  and  a  depth  on  its  outer  sill  of  31.T  feet  at  high  water  neaps; 
and  the  new  lock  of  the  Eure  Dock  at  Havre,  is  to  have  a  length  between 
the  gates  of  870  feet,  a  width  of  98^  feet,  and  a  depth  on  its  outer  sill  of 
35  feet  at  high  water  of  neap  tides,  which  is  3J  feet  lower  than  the  sill 
of  the  adjacent  loo-feet  entrance  (Fig.  286,  p.  447). 

Construction  of  Locks. — The  foundations  of  locks  have  to  be 
carried  out  with  special  care,  so  as  to  secure  the  lock  against  settlement 
and  the  percolation  of  water  under  its  sills.  Locks  have  been  sometime^ 
founded  on  bearing  piles,  with  a  row  of  sheet-piling  across  the  lock  under 
each  sill,  and  occasionally  along  the  end  of  the  apron,  to  arrest  any  flow 
of  water ;  and  settlement  and  percolation  are  still  more  effectually  guarded 
against  by  enclosing  the  whole  site  of  the  lock  within  sheet-piling,  or  so 
much  of  it  as  may  have  to  be  built  upon  a  bad  foundation.  It  is, 
however,  preferable,  wherever  practicable,  to  carry  down  the  foundations 
under  the  sills  to  a  solid,  impervious  stratum.  This  is  commonly  effected 
by  excavations  conducted  under  the  shelter  of  a  cofferdam,  and  kept  dn* 
by  pumping,  and  in  timbered  trenches  and  short  sections  where  necessar>\ 
the  trenches  being  filled  in  with  concrete  directly  a  suitable  stratum  is 
reached.  In  alluvial  ground,  however,  charged  with  water,  where  the 
foundations  have  to  be  carried  down  a  considerable  depth,  compressed 
air  may  be  required.  Thus  the  two  heads  of  the  new  entrance  lock  at 
Havre,  with  their  side  walls,  sills,  gate-floors,  and  aprons,  are  being 
founded  with  large  caissons  by  the  aid  of  compressed  air.  The  caisson 
for  the  upper  head  of  the  lock,  constructed  in  position,  is  213  feet  across 
the  lock,  and  105  feet  long  in  the  line  of  the  lock,  and  is  to  be  sunk  by 
means  of  compressed  air  to  a  depth  of  31  feet  below  the  lowest  low 
water  ;  whilst  the  caisson  for  the  lower  head,  constructed  in  an  adjacent 
hollow  and  floated  into  position,  207  feet  by  118  feet,  has  to  be  sunk  to 
a  depth  of  55^  feet  below  the  lowest  low  water,  before  reaching  a  stratum 
sufficiently  firm  to  supi)ort  the  foundations  of  the  work. 

The  side  walls  at  each  end  of  the  lock,  alongside  the  gates  and  sill, 
have  to  be  founded  at  the  same  depth,  and  with  the  same  precautions  as 
the  sill,  and  have  to  be  given  a  greater  thickness  than  the  dock  walls,  to 
contain  the  sluiceways,  sluice-gates,  and  the  machinery  for  working  the 
gates,  together,  in  some  cases,  with  the  support  for  a  swing  bridge  across 
the  lock.  The  side  walls  of  the  lock-chamber  are  constructed  like  the 
dock  walls,  for  though  the  sui)porting  water-pressure  in  front  of  them 
may  be  withdrawn  down  to  the  level  of  low  water  of  spring  tides  with 
the  outer  gates  left  open,  they  possess  the  support  of  the  invert  at  their 
toe.  The  thickness  of  the  invert,  with  its  foundation,  is  varied  with  the 
nature  of  the  ground  and  the  upward  water-pressure  to  which  it  may  be 
subjected;  but  its  arched  form,  with  a  reasonable  thickness,  and  its 
foundations  generally  made  level  with  the  foundations  of  the  side  walls, 
afford  it  an  ample  strength. 
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The  sill-stones,  the  heel-post  stones  on  which  the  gates  rest,  and  the 
hollow  quoins  in  which  they  turn,  are  commonly  made  of  granite  on 
account  of  the  wear  to  which  they  are  exposed ;  the  sluiceways  are  lined 
with  dressed  masonry  or  blue  bricks ;  the  invert  is  formed  of  masonry 
or  brickwork,  supported  by  stone  skew-backs,  or  springings,  built  into 
the  side  walls,  or  occasionally  of  concrete ;  and  the  coping  of  both  the 
lock  and  dock  walls  is  made  of  large  dressed  stones,  usually  connected 
to  each  other  and  to  the  wall  underneath,  by  slate  or  concrete  dowels, 
so  that  a  shock  to  a  single  coping  stone  may  be  borne  also  by  the 
adjoining  coping  and  wall. 

The  sill,  which  is  generally  raised  about  2  feet  above  the  gate-floor, 

may  be  either  made  flat,  or  curved  like  the  invert ;  but  the  gate-floor 

must  be  made  flat  for  the  gates  to  turn  round  on  their  heel-posts  over 

it ;  and  the  apron  at  either  end  of  the  lock   is  generally  made  flat, 

especially  the  outer  apron,  where  the  width  between  the  side  walls  is 

gradually  enlarged  seawards.     The  sill,  on  i)lan,  consists  of  two  lines 

meeting  in  the  centre  at  an  angle,  these  lines  being  usually  straight,  but 

sometimes  curved  (Figs.  294  and  295,  pp.  457  and  458).     The  sluiceways 

formed  in  the  side  walls  behind  the  gates,  serve,  not  merely  for  filling 

and  emptying  the  lock-chamber  for  the  passage  of  vessels,  but  also 

provide,  by  the  discharge  from  them  at  low  water,  a  scouring  current 

for  removing  deposit  from  the  chamber  and  outer  apron  of  the  lock : 

whilst  by  putting  the  inlet  sluices  in  the  recesses  at  the  sides  of  the 

gate-floor,  and  level  with  it,  the  inflowing  current  scours  the  floor  (Fig. 

294,  p.  457)'     Sluice-gates  are  placed  centrally  in  the  sluiceways  for 

controlling  the  flow,  which  are  raised  and  lowered  from  the  top  of  the 

wall,  and  are  often   in   duplicate  to  allow  for  repairs.     Longitudinal 

sluiceways  have  been  formed  throughout  the  side  walls  of  the  Dunkirk 

entrance  lock,  and  are  designed  for  the  large  lock  in  construction  at 

Havre ;  but  this  is  an  unusual  provision  for  locks  to  docks,  where  the 

difference  between  the  level  of  the  tide  outside,  when  the  depth  is 

suflficient  for  vessels  to  enter  or  leave,  and  the  level  of  the  water  in  the 

dock  or  basin,  is  not  generally  large. 

Construction  of  Dock-Gates.---  The  gates  closing  the  entrances 
and  locks  of  docks  are  constructed  of  wood  or  iron,  consisting  in  the 
first  case  of  a  series  of  horizontal,  framed  beams,  made  thicker  and 
placed  closer  together  towards  the  bottom  to  resist  the  increasing  water- 
pressure,  and  joined  together  by  the  heel-post  and  meeting-post  at  the 
two  ends,  and  by  intermediate  uprights ;  and  these  beams  sup[)ort  a 
close,  caulked  sheeting  of  planks  on  the  inner  side,  forming  the  skin  of 
the  gate  *  (Fig.  296,  p.  462).  Iron  gates  comprise  an  outer  and  inner 
skin  of  iron  plates  braced  horizontally  and  vertically  by  plate-iron  ribs, 
the  horizontal  ribs  being  placed  closer  together  towards  the  bottom,  and 
the  plates  increased  in  thickness,  to  allow  for  the  increase  of  j^ressure 
with  the  depth  *  (Figs.  297  and  298).  The  heel-post  or  shutting  strip,  the 
meeting-post,  and  the  sill-piece  of  iron  gates  are  usually  constructed  of 

*  Proceedings  Inst.  C.E.^  vol.  xcii.  plate  2,  fiv;s.  12  ami  14. 
'  Ibid.y  vol.  xviii.  plate  6. 
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section  of  the  gates,  increasing  with  the  head ;  and  the  total  stress  Is 
equal  to  the  pressure  on  a  unit  of  surface  multiplied  by  the  radius  of 
curvature  which,  with  a  given  span,  varies  inversely  as  the  rise. 

The  dock-gates  forming  a  circular  arc  are  theoretically  the  best  type 
of  gate,  with  their  uniform  compressive  stress ;  but  these  gates  are 
longer  than  straighter  gates  with  the  same  span  and  rise,  and  their  large 
curvature  necessitates  deep  gate-recesses,  cutting  unduly  back  into  the 
line  of  quay  of  the  lock  or  entrance,  and  involves  a  curv^ed  sill  more 
difficult  to  dress  and  fit  accurately  than  a  straight  one.  Accordingly, 
gothic-arched  gates,  with  less  curvature  and  a  straight  sill,  have  been 
more  commonly  adopted  (Fig.  294,  p.  457). 

Support  of  Dook-Gates. — ^The  heel-post  of  a  dock-gate  is  fitted 
at  the  bottom  with  a  cap,  which  fits  over  a  steel  pivot  embedded  in  the 
heel-jwst  stone,  on  which  the  gate  rests  and  revolves ;  and  at  the  top,  it 
is  kept  against  the  hollow  quoins  by  an  anchor  strap  encircling  its  head, 
tied  back  by  anchor  bolts  to  the  wall.     A  heavy,  long,  wooden  gate,  or 
a  long  iron  gate,  without  an  arrangement  for  adjusting  the  ballast  to  the 
variable  flotation,  when  being  moved  in  a  small  depth  of  water,  would 
throw  a  considerable  strain  on  the  anchorage  at  the  top,  and  be  liable 
to  dip  somewhat  at  its  outer  extremity ;  and,  consequently,  a  roller  has 
often  been  inserted  under  the  gate  near  its  end,  running  along  a  cast- 
iron  roller-path  laid  on  the  gate-floor,  and  forming  a  second  support 
for  the  gate  (Figs.  296  and  297,  p.  462).     This  roller,  however,  with 
its   adjusting  rod  and   accessories  adds   materially  to   the  weight  to 
be   moved,  and,  with  its   roller-path,   to   the   cost  of  the  gate ;  and. 
occasionally,  through  want  of  adjustment,  or  obstructions  on  the  roller- 
path,  it  has  impeded  the  working  of  the  gates.     Accordingly,  a  roller 
has  sometimes  been  dispensed  with  in  iron  gates,  even  of  large  span, 
where  the  flotation  has  been  so  adjusted  as  not  to  increase  with  the 
depth  of  water  beyond  a  certain  limit,  and  the  permanent  water-ballast 
counterbalancing  the  flotation  for  the  lowest  water-level  at  which  the 
gates  are  moved,  is  concentrated   in   the  comi>artments   of  the  irate 
nearest  the  heel-post,  of  which  the  gates  at  Havre  closing  the  Eure 
entrance,  100  feet  in  width,  furnish  a  remarkable  example  (Fig.  29S, 
p.  462). 

Working  of  Dook-Qates. — The  two  dock-gates  across  an  entrance, 
or  at  each  end  of  a  lock,  are  usually  opened  or  closed  simultaneously  by 
two  opening  and  two  closing  chains,  generally  fastened  to  each  gate 
towards  its  outer  end,  at  about  one-third  of  its  height  on  both  sides,  and 
passing  through  chain  passages  with  guiding  rollers  to  the  drums  of  the 
gate  machines  which  actuate  them  (Fig.  294,  p.  457).  A  hinged  hydraulic 
piston,  with  its  cylinder  placed  in  the  side  wall  of  the  gate  recess,  and 
its  outer  end  fastened  to  the  inner  side  of  the  gate,  pulling  the  gate 
back,  or  pushing  it  for^'ard  for  closing,  has  been  sometimes  adopted 
within  recent  years  instead  of  chains,  on  account  of  its  direct  action 
and  relative  simplicity. 

Caissons  in  place  of  Dock-Gates. — Sliding  or  rolling  caissons 
have  been  sometimes  used  for  closing  entrances  or  locks,  in  place  o\ 
dock-gates,  especially  at  naval  dockyards;  whereas  ship-caissons  are  only 
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«1  for  closing  the  entrances  to  graving,  or  dry  docks.  The  first 
'  caisson  is  a  box  caisson  with  vertical  sides  of  plate  iron,  pro- 
dth  air-chambers,  but  sulficiently  ballasted  to  prevent  its  Roating 
nmersed  in  the  full  depth  of  water,  which  is  drawn  into  or  out  of 
ber  at  the  side  constructed  to  receive  it,  for  opening  or  closing 
c  or  entrance  (Figs.  266  and  a68,  p.  412,  and  Fig.  299).  Sliding 
s  have  been  adopted  for  locks  and 
es  at  Portsmouth  '  and  Chatham  dock- 
whilst  rolling  caissons  have  been  intro- 
br  closing  three  entrances  of  two  of  the 
t  Greenock,*  and  still  more  recently  for 
ance  lock  to  the  Bruges  Canal.  These 
;  almost  always  serve  also  as  bridges, 
oadvay  which  can  be  lowered  so  as  to 
it  to  pass  under  the  girders  carrying  the 
(  over  the  caisson-chamber,  when  the 
is  drawn  back  to  open  the  passage.  In 
I  to  serving  in  place  of  a  swing  bridge, 
lissons  possess  the  advantages  of  being 
support  a  head  of  water  on  either  side, 
refore  of  acting  like  two  pairs  of  dock- 
>inting  in  opposite  directions,  of  dtspen- 
:h  hollow  quoins  and  chain  passages, 
educing  materially  the  length  of  a  lock 
the  lock-chamber,  and  of  an  entrance, 
;  away  with  the  gate-floor  and  projecting 
n  the  other  hand,  a  caisson  is  more 
lan  a  single  pair  of  dock-gates,  where  a 
reverse  gates  and  a  movable  bridge  are  not  wanted;  and  the 
chamber  requires  some  space  on  one  side  ofthe  lock  or  entrance. 
;  little  difference  in  the  time  occupied  in  opening  these  caissons 
:k-gates;  for  the  Portsmouth  entrances,  with  sliding  caissons, 
narily  opened  in  6j  minutes,  and  the  Bruges  rolling  caissons 
drawn  back  in  2  minutes ;  but  caissons  can  more  safely  close 
le  against  a  current  than  dock^ates,  and  they  can  be  more 
repaired  by  merely  shutting  them  into  their  chamber  and 
;  out  the  water. 

<aissons,  so  called  from  their  resemblance  to  a  ship  in  cross 
Tig.  303,  p.  466),  arc  floated  into  position,  and  by  admitting 
e  sunk  into  grooves  in  the  sloping  side  walls  and  bottom  of  the 
i  to  a  graving  dock,  and  are  floated  again  for  letting  out  a 
vessel,  by  pumping  out  the  water-ballast  previously  admitted. 
igly,  no  chamber  nor  machinery  are  required  for  shipK^issons, 
in  be  used  as  bridges  when  in  place  ;  but  owing  to  the  time 
1  in  putting  them  in  place  and  removing  them,  and  as  a  temporary 
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1>enh  has  to  be  found  for  them,  both  sheltered  and  out  of  the  war, 
when  vesseb  are  passing  in  or  out,  they  are  only  suited  Tor  closing  inna 
Itassages  at  dockyards,  or  the  entrances  to  gracing  docks,  which  haw 
to  be  merely  occasionally  opened. 

Graving  DoobB. — Graving,  or  dry  docks  form  {nrt  of  the  necessity 
equipment  of  important  seaports,  for  die  execution  of  any  repairs  thit 
niay  be  requited  by  vessels  frequenting  the  port.  The  cleanii^  of  a 
ship's  bottom  after  a  long  voyage,  so  necessar>-  for  the  maintenance  of 
her  .speed,  and  small  repairs,  may,  indeed,  be  performed  in  a  rirer  ot 
sheltered  creek  with  a  good  lidal  rise,  by  letting  the  ship  settle  down  on 
a  timber  gridiron  with  the  fall  of  the  tide ;  but  graving  docks  are  used 
for  cleaning,  painting,  and  repairing  the  larger  cla.ss  of  vessels,  and  foi  ; 
large  repairs  to  smaller  vessels,  the  ship  being  admitted  al  high  tide 


from  A  ri\er,  or  al  any  time  from  a  dock,  and  the  water  pumped  out  as 
soon  as  the  entrance  has  buen  closed  by  a  caisson,  or  a  jair  of  doct- 
gates  imiiiting  outwards.  One  graving  dock  at  least  in  a  jjort  should 
bf  long  enough,  and  have  a  sufficient  width  and  depth  at  the  entrance, 
to  admit  the  largest  vessel  likely  to  come  to  the  jKjrt :  and  a  long 
firaviuj!  dock  is  generally  constructed  so  that  it  can  be  divided  by  an 
intermeiliate  caisson  into  two  graving  docks  of  different  lengths,  for 
acconinuidating  smaller  vessels,  when  not  required  for  a  large  one.  As 
examjiles  of  some  of  the  largest  graving  docks,  may  be  cited,  the  graving 
<lock  adjoining  the  Canada  Dock  at  Liverpool,  925^  feet  available 
length,  94  feet  width  at  entrance,  and  29  feet  dejith  of  water  on  the 
sill  with  the  ordinary  water-level  in  the  dock:  Tilbury.  875  feel  by 
70  feet,  and  31^  feel  dejith  at  high  water  of  neap  tides;  Glasgow,  SSo 
feet,  by  80  feci,  by  26^  feet;  and  Belfast.  Soo  feet,  by  50  feet  on   ' 
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floor,  and  80  feet  across  the  top  of  the  entrance,  with  25  feet  depth  at 
high  water  (Figs.  300  and  302).  The  Belfast  graving  dock  has  two 
intermediate  caisson  grooves,  so  that  it  can  be  subdivided  into  three 
docks ;  ^  and  the  method  in  which  the  side  walls  were  constructed  in 
timbered  trenches  is  shown  in  Fig.  301,  and  the  form  of  ship-caisson 
adopted,  in  Fig.  303. 

Graving  docks  have  their  side  walls  formed  with  altars,  against 
which  the  props  supporting  the  vessel  in  the  dry  dock  rest ;  and  the 
floor  slopes  slightly  from  the  centre,  along  which  the  keel  blocks  are 
laid  carrying  the  keel  of  the  vessel,  down  to  each  side,  so  that  the 
water  may  drain  off  by  side  channels  to  the  main  culverts,  from  which 
the  water  is  drawn  off  by  pumps  (Fig.  302).  Graving  docks  are  con- 
structed of  masonry,  brickwork,  or  concrete ;  and  in  North  America, 
timber  is  largely  employed,  as  being  cheaper  and  less  subject  to  injury 
from  frost  than  masonry  or  concrete.  The  altars  are  sometimes  faced 
H-ith  granite ;  and  where  concrete  is  used,  special  care  is  needed  to  form 
a  hard  face  to  secure  it  from  injur}'  by  blows  or  the  pressure  of  the 
props,  and  to  make  it  so  compact  as  not  to  be  subject  to  the  infiltration 
of  salt  water,  which,  if  occurring  frequently,  gradually  substitutes  the 
magnesia  in  sea-water  for  the  lime  in  the  cement,  and  ruins  the  concrete 
by  the  swelling  of  the  magnesia  in  becoming  hydrated. 

Graving  docks  are  shown  on  all  the  plans  of  the  ports  given  in  the 
previous  chapter,  opening  out  of  some  of  the  basins  and  docks  (Figs. 
283  to  288,  and  290),  which  exhibit  the  arrangements  adopted.  At 
Tilbur>',  the  graving  docks  are  placed  parallel  to  the  lock,  and  extend 
right  across  the  quay  intervening  between  the  docks  and  the  tidal  basin, 
so  that  in  the  event  of  any  accident  to  the  lock,  these  graving  docks 
would  afford  a  way  of  access  to  the  docks  (Fig.  288,  j).  449).  In  two 
cases  at  the  Barry  Docks,  two  graving  docks  ])laced  end  to  end,  reached 
by  a  common  entrance  and  separated  by  an  intermediate  entrance,  have 
been  given  a  width  of  100  feet  on  the  floor  within  the  entrances,  so  as 
each  to  receive  two  vessels  side  by  side,  securely  supported  on  one  side 
only,  by  being  given  a  slight  list  to  that  side  -  (Fig.  285,  p.  446). 

HydrauUo  Power  for  Docks.-- As  the  working  of  the  gates, 
swing  bridges,  and  capstans  at  locks,  cranes  and  coal-tips  on  the  quays 
of  the  docks,  and  lifts  in  warehouses  alongside  the  docks,  is  intermittent, 
water  under  pressure  generated  at  a  central  station  by  pumps  worked 
by  a  steam-engine,  and  distributed  to  the  various  machines  by  i)ipes 
laid  under  the  quay,  or  in  a  passage  formed  near  the  top  of  the  dock 
walls  (Fig.  293,  p.  453),  has  been  found  a  convenient  and  economical 
method  of  supplying  the  necessary  power.  Tlie  water  raised  by  the 
pumps  is  stored  in  one  or  more  accumulators,  consisting  of  a  large 
vertical  pipe  encircled  by  a  weighted  cylinder,  wliich  is  supported  by 
a  piston  fitting  in  the  pipe  and  resting  upon  the  column  of  water  pumped 
into  the  pipe,  to  which  it  imparts  a  pressure  of  700  to  800  lbs.  on  tlie 
square  inch.     The  water  as  it  is  stored  in  the  pipe,  raises  the  cylinder, 

•  Proceedings  Inst.  C.E.,  vol.  cxi.  plate  4. 
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which,  on  reaching  its  limit  of  height,  automatically  shuts  off  the  steam 
from  the  pumps,  till  the  water  withdrawn  for  working  the  various 
machines,  causes  the  cylinder  to  fall  sufficiently  to  admit  the  steam 
again  and  set  the  pumps  working.  By  thus  storing  up  a  supply  of  water 
under  pressure  during  a  slack  period,  the  steam-power  provided  at  the 
central  station  can  be  less  than  the  water-power  expended  at  the  busiest 
time ;  and  the  regulation  of  the  supply  of  steam  adjusts  the  water- 
power  supplied  to  the  power  expended  by  the  machines. 

U'ater  under  pressure  provides  a  convenient  method  of  transporting 
power  to  a  distance,  and  distributing  it ;  but  electricity  furnishes  another 
ver\'  economical  means  for  the  transmission  of  power,  which  can  also 
be  stored  up  in  electric  accumulators ;  and  the  Bruges  Canal  lock  and 
Poses  weir  have  been  already  cited  as  instances  of  the  successful  appli- 
cation of  electricity  to  the  working  of  locks  and  weirs. 

Maintenance  of  Depth  in  Docks. — Where  the  waters  of  tidal 
rivers  or  estuaries  into  which  docks  open  are  charged  with  silt,  the 
frequent  replenishing  of  the  docks  with  the  muddy  water,  to  make  good 
the  loss  of  water  by  lockage,  sluicing,  and  drawing  down  the  water- 
level  in  half-tide  basins,  together  with  the  influx  of  additional  water  at 
high  tide  when  the  tides  are  increasing  in  height  in  passing  from  neaps 
to  springs,  lead  to  an  accumulation  of  deposit  in  the  still  water  of  the 
docks,  which  has  to  be  periodically  removed  by  grab  or  suction  dredgers, 
to  prevent  a  reduction  in  the  available  depth  of  the  docks. 

To  a>oid  the  inconvenience  and  expense  involved  in  the  remo>'al 
of  large  quantities  of  fine  silt  from  docks  crowded  with  shipping,  the 
water-level   is   sometimes  maintained  in  the  docks  above   high-water 
level  outside,  by  a  supply  of  clear  water  from  some  inland  source,  a 
system  ad()i)tcd  at  some  of  the  South  Wales  ports  for  excluding  the 
very  muddy  water  of  the    Bristol  Channel.     A   partial    exclusion  of 
muddy  tidal  water  is  effected  by  reverse  gates  at  the  Antwerp  Docks, 
and  at   the    renhouet    Dock,  St.  Nazaire,  at   which   latter   place  the 
necessar)'  supply  is,  as  far  as  possible,  only  introduced,  through  a  special 
conduit,  at  high  water  of  spring  tides  in  calm  weather,  when  the  water 
is  specially  dear.     At  the  Alexandra  Dock,  Hull,  water  is  pumped  into 
the  dock  from  a  fresh-water  stream  draining  some  low-lying  land,  by 
which  means  the  nuiddy  waters  of  the  Humber  are  excluded  to  a  great 
extent,  and  thu  drainage  of  the  low  lands  is  improved.     A  canal  has 
been  ( onsiructed  for  supplying  the    Kidderpur  Docks,  Calcutta,  with 
water,  by  a  ( in  uitous  routel  from  the  River  Hdgli,  to  avoid  having  to 
replenish  the  docks  direct   from  the   \Qxy  muddy  river.     This  canal 
leads  from  a  creek  in  communication  with  the  river,  to  the  upper  end 
of  the  (locks ;  and  the  water  drawn  from  the  creek  deposits  its  burden 
of  silt  in  Howing  along  the  first   looo  yards  of  the  canal,  from  which 
it  can  be  readily  removed  by  dredging  ;  and  clear  water  is  pumped  from 
the  further  end  of  the  canal  into  the  docks,  so  that  by  this  arrangemeni 
the  docks  are  relieved  from  the  obstruction  of  dredgers.     The  deposit 
in  the  outer  dock  at  St.  Nazaire  would  form  a  layer  one  metre,  or  3^ 
feet,  in  thickness  over  the  dock  in  a  year,  if  the  dredging  was  dis- 
continued. 
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HARBOUR    WORKS. 

Varied  conditions  of  site  and  exposure  of  harbours,  examples — Winds,  periods 
— Waves,  motion,  transmit  force  imparted  by  wind,  height  and  length — 
Forms  of  harbours,  influence  of  local  conditions,  detached  breakwater, 
instances  ;  singie  breakwater  from  shore,  instances  ;  converging  break- 
waters, with  intermediate  breakwater,  instances — Closed  harbours  on 
open  sandy  seacoasts,  examples  at  Madras,  Ymuiden,  Port  Said,  Bou- 
logne, progression  and  erosion  of  shore  due  to  breakwaters — Open 
viaducts  and  outer  breakwater  on  sandy  coasts,  to  obviate  objections  to 
closed  harbours,  at  Zeebrugge  described,  scheme  suitable  for  Madras- 
Entrances  to  harbours,  round  breakwater,  at  Madras,  advantage  of  two 
entrances  for  large  harbours,  widths  recently  adopted— Types  of  break- 
waters, three  types  defined — Rubble  or  concrete-block  mound,  nature, 
conditions,  zone  of  disturbance  of  mound,  protected  by  paving  at 
Plymouth,  objects  of  concrete  blocks  for  mound,  examples — Mound 
with  superstructure  founded  at  low  water,  provisions  agamst  damage, 
instances,  defects  of  system — Mound  and  superstmcture  founded  below 
low  water,  increased  depth  adopted,  instances,  defects,  sloping-block 
system,  wave-breaker,  objections — Upright-wall  breakwaters,  example 
at  Dover  with  levelled  foundation  ;  concrete-bag  foundation,  instances  ; 
concrete-in-mass  within  framing  under  water,  precautions  ;  concrete- 
blocks  in  caissons  at  Zeebrugge,  description,  advantages,  difficulties — 
Construction  of  superstructures  and  upright  walls,  staging  with  gantries  ; 
block-setting  Titans,  revolving  Titans — Remarks  on  breakwaters,  three 
types  in  construction,  causes  of  injuries  to  superstructure,  remedies, 
considerations  affecting  superstructures  and  upright-wall  breakwaters. 

Harbours  have  to  be  formed  under  very  varied  conditions  as  regards 
site  and  exposure :  in  some  places  partially  sheltered  bays  are  available, 
as  for  instance  at  Plymouth,  Cherbourg,  Crenoa,  and  Barcelona ;  and 
sometimes  harbours  have  to  be  constructed  on  a  perfectly  open  sea- 
coast,  as  exemplified  by  Madras,  Ymuiden,  and  Port  Said  harbours; 
whilst  in  the  majority  of  instances,  some  sort  of  natural  shelter,  or  the 
curve  of  the  coastline,  indicates  the  most  favourable  position  for  a 
harbour,  as  illustrated  by  Holyhead,  Colombo,  Table  Bay,  and  Dover. 
The  exposure  of  a  site,  or  the  distance  of  the  nearest  coast,  known  as 
the  "  fetch,"  in  the  direction  of  the  strongest  and  most  prevalent  winds, 
determines  the  direction  from  which  shelter  is  most  needed,  and  also 
the  strength  to  be  given  to  the  breakwater  to  resist  the  impact  of  the 
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waves,  whose  size  depends  upon  the  distance  along  which  the  wind  can 
act  in  one  direction  on  the  sea,  together  with  its  force  and  duration,  and 
also  upon  the  depth  of  water  in  the  neighbourhood  of  the  coast. 

Winds. — In  designing  a  harbour,  it  is  important  to  know  the  direc- 
tion, prevalence,  and  period  of  the  strongest  winds  in  the  localit}*,  from 
the  quarters  in  which  the  proposed  harbour  is  open  to  the  sea.  In  Ae 
l)arts  of  the  world  where  there  are  periodical  winds,  such  as  the 
monsoons,  the  direction  and  force  of  the  winds  vary  with  great  regu- 
larity according  to  the  seasons ;  and  places  in  the  track  of  hurricanes 
<jr  cyclones  are  liable  to  be  visited  by  these  storms  at  definite  periods 
of  the  year,  according  to  the  locality.  Even  in  Europe,  where  tiie 
winds  are  very  variable,  strong  gales  are  much  more  liable  to  occur  on 
the  western  and  northern  coasts  in  the  winter  months  than  at  any  other 
period  of  the  year;  whilst  the  calmest  weather  may  be  anticipated 
between  May  and  August. 

Waves. — The  undulation  of  waves  is  due  to  a  sort  of  cycloidal 
motion  of  the  jxirticles  of  water,  under  the  influence  of  the  wind  acting 
on  the  surface  of  the  sea,  which  makes  the  undulation  travel  in  the 
direction  in  which  the  wind  is  blowing,  without  any  transference  of  the 
body  of  water  beyond  a  slight  shifting  forward  of  the  upper  layer, 
resulting  in  a  small  raising  of  the  level  of  the  sea  on  the  coast  facing 
the  wind,  in  proix)rtion  to  the  violence  of  the  gale  and  the  distance  it 
has  travelled  in  approximately  the  same  direction.  The  undulation,  in 
fact,  exhibits  the  transmission  of  the  force  imparted  to  the  sea  by  the 
wind,  through  the  medium  of  the  successive  revolving  particles  of  water, 
and  continues  its  onward  course  till,  on  encoimtering  an  obstacle,  the 
transmitted  force  manifests  itself  in  the  form  of  a  blow  against  the 
obstacle,  or  on  reaching  a  shoaling  shore,  the  undulation  resolves  itself 
into  a  breaking  wave  rushing  up  the  beach  till  the  transmitted  force  is 
sjK^nt.  Waves  begin  to  break  as  soon  as  the  diminishing  depth,  on 
approaching  the  shore,  becomes  equal  to  their  height ;  and  therefore 
waves  sometimes  break  on  passing  over  outlying  sandbanks,  before 
reaching  the  shore.  The  height  and  length  of  waves  increase  with  the 
fetch,  and  the  duration  and  force  of  the  gale ;  and  in  the  Pacific  Ocean 
oft'  the  Caj)e  of  Good  Hope,  where  the  exposure  is  greatest,  waves  50 
feet  high,  and  from  600  to  1000  feet  long,  have  been  observed. 

The  force  of  the  blow  with  which  waves  may  strike  a  breakwater 
depends  upon  the  si/e  of  the  largest  wave  which  can  reach  it,  in  view 
of  the  exposure  and  the  unimpeded  depth  in  front,  and  also  upon  the 
directness  of  the  course  of  the  waves  against  the  face  of  the  breakwater; 
and  where  breakwaters  sheltering  a  harbour  face  different  ways,  one  is 
often  exposed  to  much  heavier  blows  than  another,  owing  to  the 
greater  fetch  and  force  of  the  wind  in  a  particular  direction,  though 
the  directions  of  the  greatest  fetch  and  the  strongest  gales  may  not 
coincide. 

Forms  of  Harbours. — The  form  given  to  a  harbour  dei>ends  on 
the  configuration  of  the  coastline,  the  extent  of  sheltered  area  required, 
the  (juarter  from  which  shelter  is  needed  in  relation  to  the  coast,  and  the 
position  where  the  requisite  depth  exists,  or  can  be  obtained  by  dredging. 
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The  site  also  suited  fur  an  cnu'ance  c\crci>e>  an  izitcnar.:  '^L'zzv.-z 
on  the  choice  of  form.  ThLs  wi*Ji  a  reccaecC  liv  o:  2Ce:ua:e  iiiic  i 
detached  breakwater  across  the  wide  ouiic:  coniilrics  ih-r  ntcosark 
shelter,  whilst  leaving  an  enirance  on  each  side  lerwcnn  \t^  -zWzk- 
mities  of  the  breakwater  and  the  shore,  of  which  Ply:r.o-:h  '  Fi*.  304, 
p.  472)  and  Cherbourg  harbours  anord  :yy;es ;  and  where  'iit  -sea  i> 
shallow  near  the  shore  on  each  >ide  of  the  o-:le«  a  break waier  mav  ",t 
carried  out  from  ea<:h  shore.  ieaWng  a  central  enirar^ce,  :l*  adopt -irC  at 
Barcelona,  or  with  two  entrances  between  a  ccn:ra'.,  deuched  r  r-ak- 
ivater  and  the  ends  of  the  two  breakwater?  cMeriCia*  ou:  from  :hc  >hore. 
as  carried  out  at  St.  Jean  de  Luz.  In  other  ci-ses.  a  single  Lreak»ater 
carried  out  from  the  shore  on  one  side.  >:re:che>  alrao>:  acro^-s  :he 
outlet  of  the  bay,  with  an  entrance  left  round  i:s  ouicr  e.'id,  accordin^j 
to  the  design  in  progress  for  converting  Pet-rhead  Bay  in:o  a  ret\:gc 
harbour ;  or  the  breakwater  mav  shelter  a  ix^nion  onlv  of  a  vcr\"  lariie 
bay,  as  illustrated  by  Holyhead  and  Tabic  Bay  breakwaters,  with  an 
open  approach  beyond  the  extremity  of  the  breakwater. 

In  a  few  instances,  where  the  exposure  is  mainly  from  a  pani^ular 
quarter,  a  single  breakwater  running  out  from  the  >hore  affords  an 
adequate  shelter,  as  for  example  at  Newhaven,  Alexandria,  and  Mor- 
mugao.  Generally,  however,  a  certain  amount  of  natural  shelter  i> 
improved,  and  the  sheltered  area  extendetJ,  by  breakwaters  carried  out 
from  projecting  i)oints  and  converging  towards  each  other,  so  as  to 
enclose  an  adetjuate  area  of  water,  with  the  intervention  sometime^  of  a 
detached  breakwater  for  providing  two  entrances  to  the  harbour,  wbi'li 
should,  if  possible,  face  in  different  direction .-?,  in  order  to  liive  ves>els  a 
choice  of  approach  according  to  the  dire'  lirm  of  the  wind.  This  latter 
arrangement  is  illustrated  by  Colombo  Harbour  iVvz,.  305,  p.  472),  and 
by  the  design  for  Dover  Harbour  in  rourse  of  construrtion  :  *  whilst 
Algiers  and  Oran  harbours  furnish  examples  of  ronNer^in;:  l^reakwaterN 
improving  and  extending  some  natural  shelter,  a  system  \cry  commonly 
adopted  for  small  harbours.  A  i)eculiar  arrangement,  resorted  to  in  rar«: 
instances,  for  sheltering  the  eiitrame  between  two  convrr^in^  break- 
waters facing  the  open  sea,  consists  of  an  outer,  detachetl,  riirvc<l 
breakwater,  constructed  seawards  of  the  entrance,  and  ovtrlaiij^ini^  it 
for  some  distance  on  each  side,  with  its  concave  face  towards  the  short*, 
so  as  not  to  protect  merely  the  entrance,  but  also  an  outer  area  to  «Nonie 
extent,  and  providing  a  wide  approacli  on  each  side,  as  exemfjlitied  l)y 
the  harbours  of  Leghorn,  C'ivita  \'er(  hia.  and  ('ette. 

Closed  Harbours  on  Open  Sandy  Seacoasts. — Harbours  Iiave 
sometimes  to  be  constrm  ted  on  the  oin-n  seacoast  where  no  natural 
shelter  exists,  and  which  is  often  exi)osedio  a  ronsideraljje  drift  of  sand 
along  the  shore,  carried  alonj;  by  the  waves  under  the  a(  tion  of  the  j>re- 
vailing  winds.  Thus  at  Madras,  where  formerly  vessels  had  to  lie  off 
the  straight,  sandy  roast,  wliiKi  their  jjassen^ers  and  cargo  were  landetl 

'   **  The    iinjxt    rc».en:    Work-    a\    -Htcm'   of  ilu*   principal    Hriti^h   >o.iiK)rtN   and 
Harbours,    I*ari'»    N;ni;^;i'i*in    <  «.n!;rr«-.    i«,>o.),"    I..    F.    Ncrnon-IIariMnirt.    plai<-    1. 
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jrf  boats,  a  closed  harbour  has  been  formed  by  two  breakwaters, 
>  feet  apart,  going  out  straight  from  the  shore  for  about  3000  feet, 
then  converging  so  as  to  leave  an  entrance  of  only  550  feet  between 

extremities,  in  a.  depth  originally  of  48  feet  at  low  water  (Fig.  306). 
liden   Harbour,  on  the  straight,  flat,  sandy  shore  of  the   North 

sheltering  the  approach  to  the  Amsterdam  Canal,  is  a  somewhat 
lar  closed  harbour  on  a  larger  scale  (Fig.  261,  p.  408),  formed  by 
breakwaters  starting  3750  feet  apart  at  the  shore,  and  converging 
n  entrance  850  feet  wide,  in  a  depth  of  28  feet  at  low  water,  at  a 
Jice  of  about  4600  feet  from  high- water  mark.  At  Port  Said 
30ur,  sheltering  the  approach  channel  to  the  Suez  Canal,  also  formed 
wo  converging  breakwaters  about  4250  feet  apart  near  the  shore, 
western  breakwater,  extending  into  a  depth  of  about  29  feet,  has 
I  carried  about  3500  feet  further  seawards  than  the  eastern  one,  so 
'  overlap  it  to  this  extent  on  the  western  side,  as  the  worst  winds 
all  the  drift  come  from  that  quarter  (Fig.  259,  p.  407).  The 
our  at  Boulogne,  of  which  only  the  south-western  lialf  has  been 
ed  out,  is  designed  to  have  a  fairly  square  form  like  Madras 
x>ur,  but  on  a  much  larger  scale,  though  in  shallower  water  and  far 
exposed,  with  an  average  width  and  length  of  about  5600  feet. 

scheme  includes  a  detached  outer  breakwater  in  a  line  with  the 
pleted  western  outer  arm,  with  entrances  at  each  extremity  facing 
•north-west  and  north-north-west,  having   widths  of  820  feet  and 

feet,  and  depths  of  about  28  feet  and  26  feet  respectively,  and 

►rth-eastem  breakwater  alongside  the  dredged  approach  channel  to 

Dort. 

n  all  the  above  examples,  the  harbours  have  been  enclosed  by 

kwaters,  with  entrances  carried  into  the  deepest  water  available  at 

)uter  end,  so  as  to  be  as  far  removed  as  possible  from  the  littoral 

of  sand  along  the  coast,  and  consequently  facing  the  open  sea, 
pt  in  the  case  of  Port  Said  Harbour,  where  the  entrance  is  protected 

the  west.  The  breakwaters,  however,  act  like  groynes,  and  arrest 
rtion  of  the  sand  drifting  along  the  shore,  which  accumulates  in  the 
I  between  the  breakwater  and  the  coastline ;  and  where  the  travel 
e  drift  is  almost  wholly  in  one  direction,  owing  to  a  great  predomi- 
e  of  the  wind  from  one  quarter,  the  foreshore  advances  consider- 
on  the  side  of  the  harbour  facing  the  strongest  winds,  and  is  eroded 
he  opposite  side,  on  account  of  the  diversion  of  the  drift  by  the 
ward  breakwater  preventing  the  replenishing  of  the  losses  from 
on  on  the  opposite  side.     Thus  the  foreshore  has  progressed  some- 

on  both  sides  of  Ymuiden  Harbour,  which  is  exposed  to  both 
xly  and  westerly  winds ;  whereas  at  Boulogne,  where  the  coast  is 
ered  from  the  east,  a  progression  of  the  shore  has  occurred  on  the 
sed  south-western  side.  The  drift  from  the  west  at  Port  Said  is 
ased  by  the  alluvium  discharged  by  the  Nile :  and  the  foreshore 
t>its  a  notable  advance  since  the  construction  of  the  western  break- 
r,  extending  out  into  depths  of  36  feet  some  distance  seawards  of 
md  of  the  breakwater ;  whilst  the  shoreline  has  advanced  on  the 
*m  side  of  the  harbour,  and  has  been  eroded  to  a  similar  extent  on 
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the  eastern  side.^  The  accumulation,  however,  of  alluvium  against  the 
western  breakwater,  has  been  checked  to  some  extent  by  allowing  a 
portion  to  pass  into  the  navigable  channel  along  the  inner  face,  through 
apertures  formed  across  the  crest  of  the  breakwater,  whence  the  deposit 
is  readily  removed  by  dredging ;  and  the  advance  of  the  shore  becomes 
slower  as  it  progresses  towaids  deeper  water,  and  also  because  the 
onward  motion  of  the  drift-bearing  current  is  facilitated  by  the  curved 
line  given  to  the  shore  by  the  filling  up  of  tlie  angle  between  the  old 
shoreline  and  the  breakwater.  Madras  Harboiu:  manifests  a  similar, 
but  much  more  rapid  advance  on  its  southern  side,  and  a  corresponding 
erosion  on  its  northern  side,  owing  to  the  south-west  monsoon  blowing 
with  much  greater  force  than  the  north-east  monsoon  (Fig.  306,  p.  472); 
and  the  drift  of  sand  along  the  shore  from  the  south  is  exceptionally 
large,  owing  to  the  heavy  surf  which  beats  upon  that  open  coast.  In 
most  cases,  a  sort  of  equilibrium  is  reached  after  the  shore  has  advanced 
a  certain  amount  against  a  breakwater  projecting  from  a  sandy  coast  ; 
but  at  Madras,  it  appears  probable  that  the  shore  will  gradually  creep 
out  right  to  the  end  of  the  south  breakwater ;  and  the  advance  of  the 
foreshore  on  the  south  side  has  already  reduced  the  depth  at  the 
entrance  some  feet. 

On  a  shore  exposed  to  considerable  littoral  drift,  it  appears  jwefer- 
able  to  give  a  breakwater  a  direction  sloping  away  somewhat  seawards 
from  the  line  of  drift,  as  carried  out  at  Ymuiden  and  Port  Said,  rather 
than  to  place  the  breakwater  at  right  angles  to  the  line  of  drift,  as 
arranged  at  Madras,  in  order  to  prevent  a  less  direct  obstacle  to  the 
travel  of  the  drift. 

Open  Viaduct  and  Outer  Breakwater  on  Sandy  CoastB.— 
Two  objections  have  been  raised  against  closed  harbours  on  sandy 
coasts,  with  an  entrance  facing  the  open  sea,  namely,  the  advance  of 
the  shore  against  the  projecting  breakwater  facing  the  direction  from 
which  the  drift  comes,  and  the  deficiency  of  shelter  inside  the  harbour 
witli  waves  rolling  in  through  the  exposed  entrance  during  a  storm. 
Though  neither  of  these  objections  are  generally  as  serious  as  has  been 
sometimes  anticii)ated,  they  are  both  experienced  at  Madras  Harbour. 
To  obtain  better  shelter  from  onshore  gales,  and  at  the  same  time  to 
avoid  the  favouring  of  accretion  in  the  sheltered  area,  proposals  have 
been  made  from  time  to  time  to  form  an  outer  harbour  beyond  the  zone 
of  littoral  drift,  with  the  sheltering  breakwater  connected  with  the  shore 
by  an  ojxin  viaduct.  This  arrangement  was  proposed  for  Port  Eliza- 
beth, and  partially  carried  out,  on  a  much  smaller  scale,  on  the  east 
coast  of  Ireland  near  Wexford,  for  a  steamboat  passenger  senice  from 
r'ishguard  in  \\'ales  ;  ^  and  the  system  has  now  been  adopted  for  the 
harbour  in:  progress  at  Zeebrugge,  for  sheltering  the  approach  to  the 
J>ruges  Canal,  and  also  to  serve  as  a  port  of  call  for  passing  steamers 
( 1  ig.  307,  p.  472).  At  Zeebrugge,  an  embankment,  protected  on  the  sea 
side  by  a  wall,  and  on  the  harbour  side  by  a  pitched  slope,  carries  two 

'  Procicdings  Inst.  C.E.^  vol.  cxli.  plate  2,  fig.  5. 
-  *'  Harbours  and  J)opks,"  p.  359. 
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lines  of  ratlvar  out  to  low-water  mark,  from  which  they  nin  on  to  a 
metal  vbduct  suiipotted  on  piles,  esiending  out  into  a  depth  of  about  if 
to  feet  at  low  water,  and  leading  to  the  solid  breakwater  in  progre%H 
wWch,  cuning  round  till  it  becomes  parallel  with  the  shore,  will  form  It] 
harbour  and  shelter  the  entrance  to  the  canal,  and  will  also  provide  a  , 
quay  with  sheds  and  sidings  protected  by  a  high  parapet  on  the  sea  side  ' 
(Fig.  315,  p.  478).     There  is  an  open  entrance  to  the  north-east,  as  the 
ate  is  fairly  sheltered  by  the  curving  coastline  from  that  quarter;  and 
it  is  hoped  that  the  open  viaduct  will  admit  of  the  free  passage  of  the 
Httoral  current  from  the  south-west  with  its  burden  of  drift,  and  that 
thus  the  sheltered  area  will  be  preserved  free  from  deposit.    This  work 
will  afford  an  interesting  experience  as  to  how  far  it  may  be  practicable 
in  this  manner  to  form  a  sheltered  harbour  on  a  sandy  coast,  capable  of 
maintaining  its  depth  in  the  presence  of  littoral  drift.    A  certain  amount 
of  deposit  con  hardly  fail  to  take  place  within  the  sheltered  area,  from 
the  silly  sea-water  introduced  at  each  tide,  and  from  the  fringe  of  the 
littoral  current  passing  through  the  harbour ;  but  the  depth  could  be 
maintained    by  a  fiuclton    dredger,  specially  designed    to    draw  up   a 
nreani  of  sill  containing  so  little  water  as  to  be  readily  deposited  in  the 

Bier  of  the  dredger,  such  as  is  at  present  employed  for  maintaining 
cntmnce  channel  to    ihe    Bruges    Canal    lock,    where  the  rate  trfj 
lit  amounts  lo  a  byer  3^  feet  thick  in  a  year.  ■ 

V  the  drift  of  sand  along  the  Madras  shore  ceases  at  a  moderated 
Bee  from  high-water  mark,  it  would  have  been  possible  to  cross  the  ' 
^ttwoX  rartent  with  two  open  viaducts  at  the  sides  of  a  wide  harbour, 
leading  to  an  outer  breakwater  parallel  lo  the  coast  along  its  central 
portion,  and  curving  round  towards  each  end  to  join  the  viaducts,  with 
an  entrance  placed  conveniently  for  vessels,  and  facing  the  least-exposed 
quarter  fulfilling  this  condition.  By  this  arrangement,  the  large  advance 
of  the  shore  to  the  south,  and  the  threatened  in^-asion  of  the  harbour 
by  the  drift  might  have  been  avoided,  and  a  belter  sheltered  harbour 
wsnircd. 

Sntrancea  to  HarbourB.~It  has  already  been  pointed  out  that 
with  single  lireakwatcrs  protecting  ])artially  sheltered  bays  or  recesses 
in  the  coastline,  a  wide  approach  is  generally  available  round  the  end 
of  ilie  breakwater,  of  which  Zecbrugge  Harbour,  when  completed,  will 
fumish  another  instance  {Fig.  307,  p.  472).  Where,  however,  haibount 
arc  enclosed  by  breakwaters,  the  entrances  are  restricted  in  width  to 
what  is  neressary  for  the  safe  entrance  of  vessels  ;  for  a  wide  entrance 
facing  an  exposed  quarter,  especially  if  the  harbour  is  small  and  the 
water  deep  at  Ihe  entrance,  admit  waves  large  enough  lo  disturb  the 
tranquillit>'  of  ihe  harbour.  Thu.s  Madras  Harbour,  with  an  entrance 
of  ihc  moderate  width  of  550  feet,  is  inconveniently  disturbed  during 
norms  by  wave?t  rr)fling  in  from  the  open  sea,  owing  to  the  exposiue  of 
the  entrance,  the  depth  of  about  40  feel  in  which  it  is  situated,  and  the 

'  J'rvttiJingi  /tut.  C.E.,  vol.  c»xxvi.  plan 
4u  )tAI«  .111  I'ott  it'F:>ca:e  Je  Z«ebrueg«,  (. 
J,  N)r>-«n>-llan  «ml  C.  Pi«iu,  piftlet  1  and  *. 
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<t:.2.'.'.  j^z^j,  to:  :hc  -.vjvc^i  to  cxixind  over  in  entering 
->■ .  .  —-      Vr^sc'.>  r.Tv'-i-Nir.ly  rc-quire  a  wider  entrance  where  its  p>osi 

-  -  ■.•.>c-:  \-:^s.  ■■»r.-.rr  ::  :>  -hclicreu :  whereas  a  wide  entrance  afl 
".  :-i.r. :-...::.     :"  ^  ?.sz'z   .it  in  rro^x^nion  to  its  e\ix>sure.     These 

•  "".  -^  .-:-,:-."?:-  cj.n  .r.'/.  :  e  rLVonciled  by  so  placing  the  entrance  t 
:~.  -:   •.r.:=r:ir.-j;  "r»-::h  :hf  jCi.e>>  of  vessels,  it  may  not  directly 

:-.  r.:.-:  -.  \-v>i'i   .u.-.r:ir.     T'.vo  rn:rances  facing;  in  different  direct 

-  ..     v.:.-.  4;-;.^.:  iiijir.u^f  Ic  :  :'.'\~:dcd  at  lart^e  enclosed  harbours: 

-  -  :r  •>:  r.  >  ^r^^  c.jr.v;.:"iien:  for  vessels;  and  two  oi:)enings  pro*. 
::.:  J..:.!-.:: .  "j.!  d.-iurlMnoe  in  :he  harbour,  on  account  of  their  ditfc 

Tr-  -v.-.-.-s  .1.;.  "v:.d  rec;.n::y  for  the  entrances  to  imixjrtant  harli' 
'.::•«•.   .;.:•-* i-.n  .i.  .u:   sco  and  Soc  feet:  for  the  entrance  to  the 
~a:.  :u:  ::"  n.-yiem-.v  sue  .i:  the  mouth  of  the  River  Wear,  is  480 

•  ..:•-  .  :r...  -.:*:r.\nces  ^e:^^cen  :he  new  breakwaters  enclosing  the  ni 

-  -V.  :  ?:r.'.and  H.ir:  j'ur.  :o  protect  it  from  night  attacks  In- torp 
•.-.--,.-.  ;.:;.  55::  and  :>cc  fvet  wide:  the  entrances  to  Colombo  Harl 
:.-:-,  7c r  .1:-.;  >cc  :Vv:  \\ide  ■  Fi^.  305,  p.  472) :  and  the  widths  desig 
:  r  :^v  en:r.i:'Cv>  :o  D-rvrr  and  Bouloizne  harbours  are  600  and 
'.-,:.  .'i-.d  i:2  .md  ^2C  feet,  res{>ectively.  The  entrance,  moret) 
:  '  :hi    n.v  V  -..irrour  in  pro^iress  at  Havre,  is  to  be  given  a  width 

Types    of   Breakwaters. —  There   are   three   distinct    typurs 

-,..ikw.i:t:>,   namely,   a  nibble   or  concrete-block  mound;    a   moi 

-.-n-.v^univd  on  :he  top  by  a  solid  masonr\-  or  concrete  superstructi 

t'.-iv.'.urin^  a  mived  type  oi  breakwater;  and  a  vertical  wall,  built 

-  !..:  :>v>n:  :he  bottom  to  the  top  without  any  mound.  The  choio 
:•  v  dv'.vn.ds  on  the  m.aterials  available  at  the  site  where  the  breakw; 

-  :    ■  -.  c.^n>::v.c:e».:.  the  depth  of  the  sea  at  the  site,  and  the  natun 

•  V.  ^;.\-:.r.:o:v..  l:i  the  tirst  ty^v.  there  is  no  quay  or  means  of  ace 
..'.  ':u  :hc  i^rcak water :  the  second  type,  which,  though  variable  in  fc 
^  :..-.  -.r.os:  common,  has  generally  a  quay  of  some  kind,  usually  on 
^v.:  vrs::iMi:re  protected  by  a  iKira]X't  wall,  but  .sometimes  formed 
::k  ninor  side  of  the  mound  under  the  shelter  of  the  superstructure 
.".:  Mar>ci'.'ies  and  Trieste:  whilst  the  third  tyi)e  has  a  readily  access 

.v..\\  i^n  the  top  o\  the  wall,  sheltered  to  some  extent  by  a  ]>romen 
^'-  '.ur.r^xt  wall  (FigSw  30S  to  315,  p.  478). 

Rubble  or  Concrete-block  Mound  Breakwaters.  —The  rul 
:v.o;ind  is  the  simplest  form  of  breakwater,  consisting  merely  of  nil 
^to!\e  iip'jX\l  into  the  sea  from  barges,  or  from  waggons  running  al 
^t.miiu,  in  a  ilehnite  line,  till  it  emerges  out  of  water,  the  ni(nmd  h\ 

•  onsoliilaied  and  its  slopes  regulated  by  the  action  of  the  waves.  1 
N\x:om  v^f  construction  is  only  applicable  where  large  quantities  of  st 
•.Mn  be  readily  obtained  from  neighbouring  quarries,  as  for  instanc« 
Tl\  mouth  ( Kig.  308,  \\  478),  Portland,  and  Table  Bay  ;  and  the  anu 
«»t'  '^tone  required  increases  rapidly  with  the  depth,  the  exposure,  and 
ii>e  o\  tide.  At  an  exposed  site,  the  large  waves  draw  down  the  nio 
to  a  very  tlat  slope  on  the  sea  side ;  and  as  the  waves  act  on  the  mo 
from  several  feet  below  low  water  up  to  a  few  feet  above  high  w; 
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the  scope  of  their  action  is  greater  in  proportion  to  the  ndal  ranze.  In 
order  10  reduce  the  effect  of  this  disturuing  action,  ih-r  LirjTrrs:  stones  arc 
laid  on  the  sea  slope  of  the  mound :  but  during  storrr.s.  the  waves  in 
recoiling  are  liable  to  draw  down  the  stones  on  ±c  exposed  face.  or. 
dashing  over  the  breakwater  at  high  tide.  :o  carr.-  ov-rr  :he  ^tono  near 
the  top  on  to  the  inner  slope  of  the  mound.  >o  :ha:  ver.-  cxpi-^sed  rjbble 
mounds  often  need  replenishing,  after  a  severe  stonr..  with  fre>h  stone 
on  the  top  and  upper  sea  slope.  The  cross  xrciion  of  the  Plymouth 
breakwater  shows  what  a  flat  slope  is  formed  by  the  wave<  on  a  mound 
exposed  to  the  Atlantic  (Fig.  308,  p.  478 k  and  the  upper  part  of  the 
mound  has  been  protected  by  a  granite  paving  set  in  cement,  to  reduce 
the  erosion  of  the  mound  by  the  breaking  wave>. 

As  a  rubble  mound  uses  up  a  large  «iuantiiy  of  stone,  especially  in 
deep  water  and  an  exposed  position,  occupie>  a  wide  >;^>ace  on  the  sea- 
bed, and  is  liable  to  disturbance,  large  concrete  bl'^x:k>  have  been 
substituted  for  stone,  or  employed  on  the  r>ea  slo;^  and  top  of  the 
mound,  where  stone  is  deficient,  as  at  Pon  Said  ^Fi.:.  260,  p.  407),  or 
where  the  depth  is  considerable,  as  at  Algiers,  where  the  steep  slope  of 
the  large  concrete  blocks  on  the  sea  face  ctiects  a  large  saving  of 
material ;  or  where  increased  stability  is  secured,  and  greater  rapidit) 
in  construction  attained  by  adopting  concrete  blrx:ks  for  the  outer  half 
of  the  mound, as  carried  out  at  Alexandria  (Fig.  309,  p.  478;.  The  con- 
crete blocks  are  constructed  within  timber  frames  on  shore,  and  after  being 
left  for  a  sufficient  time  to  set,  are  carried  out  to  their  site  on  the  deck 
of  barges ;  and  the  lower  blocks  of  the  mound  arc  tipj)ed  into  the  sea 
from  an  inclined  plane  on  the  barge ;  whilst  the  blocks  near,  and  above 
the  water-level,  are  lifted  from  the  barge  and  dej»osited  on  the  mound 
by  a  floating,  steam- derrick.  Large  blocks  of  concrete  are  usually  lifted 
by  means  of  lewis  bolts  passing  through  holes  formed  in  the  blocks 
when  manufactured ;  but  at  Alexandria,  the  blo<  ks  were  slung  from 
angular  pieces  of  iron  embracing  the  corners  of  the  l)lock,  which  could 
be  readily  released  by  the  pull  of  a  roi)e,  enabling  forty  to  fifty  20-ttm 
blocks  to  be  deposited  by  the  derrick  in  a  day,  so  that  the  breakwater, 
nearly  two  miles  long,  was  constructed  at  the  very  rapid  rate  of  almost 
a  mile  in  a  year. 

Rubble  mound  breakwaters  abroad  have  been  frec^uently  formed  of 
sorted  materials  placed  in  the  mound  according  to  their  sizes,  the 
smalle.st  materials  constituting  the  core  of  the  mound,  and  increasing  in 
size  on  approaching  the  outside,  a  method  which  involves  sorting  the 
materials,  but  adjusts  the  sizes  of  the  rul)ble  to  their  exposure  in  the 
mound,  the  largest  rubble  being  placed  on  the  outer  sl(^j)e.  Concrete 
blocks,  besides  being  stable  at  a  steeixr  slope  than  ordinary  nibble. 
and  consequently  economizing  both  materials  and  spjue,  ]>ossess  the 
advantage  of  being  able  to  be  increaseil  in  size  in  ])ro[K)rtion  to  the 
exposure  of  the  site. 

Mound  with  Superstructure  founded  at  Low  Water.  .\ 
solid  superstructure  ])laced  on  a  mound  protects  the  top  of  the  mound 
from  the  action  of  the  waves,  serves  to  form  a  quay  or  shelter,  and 
reduces  the  mass  required  for  llie  mound  in  projiortion  to  the  depth  at 
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whidi  it  n  coRimcnociJ.  In  the  earlier  examples  of  this  mixed  v*yc 
f  l>R3ik«aicr,  tilt  supcrstruciurt  was  commoDiy  founded  on  i  niWt 
I  lov  waier  of  Kpring  tides ;  and  this  level  hus  been  adopK^ 
r  founding  ihc  superstructures  of  the  bn.-akirat(;rs  in  progress  at  HJtie 


BREAKWATERS.    CROSS  SECTIONS. 


a  rabble  mound:  whiLst  ihi:  Boulogiii.'  breakwiiier  fuinishc-^ a  bidf 
Ent  example  of  a  supcrelnicturc  founded  some  feet  above  ioit  *alO- 
rxposcd  places,  however,  the  cxfierieiice  of  swere  «tonns  soon  pion^ 
ui  the  heavy  waves  breaking  on  the  rubble  mound  and  dashing  agaiotf 
e  supersmiciure,  lowered  the  rubble  mound  in  from  of  ihe^ 
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xoil,  and  threatened  to  nndenniDe  die  sipcTstnKtnre.  This 
ras  guarded  against,  either  by  raising  the  mbble  mound  against 
;  of  the  superstructure,  reachii^  up  to  high  vater  at  the  Holyhead 
ner  Portland  breakwaters,  and  making  it  up  again  vith  fresh 
s  of  stone  as  it  was  lowered  bv  the  waves  :  or  more  efiectuallv, 
ig  an  apron  of  large  concrete  blocks  on  the  top  of  the  mound 
be  sea  face  of  the  superstructure,  as  carried  out  at  Cherbourg  and 

or  a  covering  of  concrete  blocks  deposited  at  random  over  the 
pe  of  the  mound,  as  for  instance  adopted  at  Marseilles  (Fig.  310;, 
ran  breakwaters;  or  a  combination  of  the  two.  as  exemplified 
Boulogne  and  Havre  breakwaters.  In  some  of  the  more  recent 
aters  on  the  Italian  coasts,  the  concrete  blocks  covering  the 
mound  down  to  the  limit  of  the  possible  disturbing  action  of  the 

have  been  laid  in  regular  courses  stepping  back  from  the  face 

slope,  of  which  the  outer  breakwater  at  Civita  Vecchia,  in  deep 
is  a  good  example  (Fig.  3ir) ;  for  this  arrangement  has  proved 
itable  than  concrete  blocks  thrown  pell  mell  on  the  slope,  owing 
blocks  resting  on  a  flat  bed  and  offering  less  surface  to  the  impact 
waves. 

iseilles  breakwater  provides  an  instance  of  a  quay  formed  on  the 
lart  of  the  mound,  bounded  by  a  quay  wall  on  the  harbour  side, 
lettered  by  the  superstructure  founded  at  sea-level  (Fig.  310) ; 
le  quays  on  the  Holyhead  and  inner  Portland  breakwaters  are 

in  principle.  At  Cherbourg,  St.  Jean  de  Luz,  Leghorn,  Boulogne, 
avre,  the  quay  is  formed  on  the  top  of  the  wide,  solid  super- 
re,  and  sheltered  by  a  parapet  on  the  sea  side,*  resembling  the 
ommonly  given  to  the  quav  of  upright-wall  breakwaters  (Figs.  313 

e  defects  of  this  form  of  the  mixed  tyjxi  of  !)rcakwater  are  similar 
respects  to  those  of  mound  breakwaters,  which  it  much  resembles, 
^',  that  it  requires  a  large  amount  of  materials,  and  that  its  sea 
is  subject  to  disturbance  by  breaking  waves,  unless  covered  by 
blocks.  Moreover,  though  the  superstructure  j>rotccts  the  top  of 
3und  on  which  it  rests,  and  prevents  the  materials  on  the  sea 
and  at  the  top  from  being  carried  over  by  the  waves  into  the 
IT,  it  increases  the  force  of  the  recoil  of  the  waves,  and  is  liable  to 
dermined  unless  the  mound  in  front  of  its  toe  is  effectuallv 
ted  by  an  apron  of  large  blocks.  Accordingly,  though  the  amount 
erials  required  is  somewhat  reduced  in  this  form  of  breakwater  by 
option  of  a  superstructure,  as  compared  with  a  simple  mound,  the 
ope  has  to  be  more  strongly  protected  in  projK^rtion  to  the 
Uon  afforded  to  the  quay  ;  and  therefore  the  main  advantage  of 
rm,  over  a  mound  breakwater,  consists  in  the  provision  of  a  (juay 
cans  of  access  to  the  end  of  the  breakwater. 
ound  and  Superstructure  founded  below  Low  Water. — 
re  efficient  method  of  providing  against  the  disturbance  of  the 
i  and  the  undermining  of  the  superstmcture,  consists  in  stopping 

*   *•  Harbours  and  Docks,"  plate  7,  fij^s.  i,  2,  6.  8,  11,  21,  and  22. 
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the  mound  at  a  depth  at  which  it  is  not  liable  to  be  disturbed  by 
wave-action,  and  founding  the  superstructure  on  the  mound  at  this  level 
The  depth  to  which  the  wave  disturbance  extends,  increases  with  the 
exposure  of  the  site ;  and  the  low  level  of  the  mound  necessitates  the 
construction  of  a  considerable  portion  of  the  superstructure  below  low 
water,  where  the  ordinar>'  method  of  connecting  the  blocks  together  by 
mortar  cannot  be  resorted  to. 

\\*hen  this  form  of  breakwater  was  first  introduced,  with  the  object 
of  avoiding  the  erosion  of  the  rubble  mound  and  the  undermining  of  the 
suj>erstructure,  and  also  of  reducing  the  amount  of  materials,  it  was 
supposed  that  wave-action  ceased  at  about  12  feet  below  low  water; 
but  extended  experience  has  proved  that  the  action  is  felt,  in  exposed 
situations,  at   considerably  greater  depths.     Thus   the   breakwater  at 
Aldemey,  exposed   to  the  Atlantic,  was  commenced    with   its  super- 
structure founded  at  low  water  of  spring  tides,  and  the  rubble  raised 
against  its  sea  face  up  to  about  half-tide  level ;  the  foundation  of  the 
superstructure,  as  the  breakwater  progressed,  had  soon  to  be  carried 
down  to  12  feet  below  low  water,  which  towards  the  outer  part  settled 
on  the  mound  to  about  17  feet  below  low  water,  and  had  to  be  pro- 
tected by  frequent  deposits  of  stone ;    and  the  head,  in  a  depth  of 
130  feet  at  low  tide,  was  founded  24  feet  below  low  water,  which  was 
increased  to  30  feet  by  settlement.^     The  solid,  concrete-block  super- 
structure of  the  outer  portion  of  the  south-west  breakwater  at  Colombo, 
exjwsed  to  the  south-west  monsoon,  founded  for  about  iioo  feet  at 
16  feet  below  low  water,  and  protected  by  rubble  and  two  rows  of 
concrete  in  bags  on  the  sea  slope,  was  eventually  carried  down  to  20  feel 
below  low  water  along  the  outer  half  of  the  breakwater,  and  the  pier- 
head to  23^  feet ;  and  tlie  superstructure  of  the  north-w^est  breakwater, 
subsequently  constructed,  has  been  taken  down  to  30J  feet,  and  pro- 
tected near  its  base,  on  the  sea  face,  by  rubble  overlaid  with  concrete  in 
bags  (Fig.  312,  p.  478).^     Lastly,  the  breakwater  at  Peterhead,  which, 
after  being  built  on  the  rocky  bottom  as  an  upright  wall  for  the  first 
1000  ftct  from  the  shore,  is  being  founded  upon  a  rubble  base  in  deeper 
water,  was  designed  to  have  its  superstructure  commenced  at  a  depth  of 
30  feet  below  low  water ;  but  as  disturbance  was  caused  by  the  recoiHng 
waves  in  a  depth  of  36-i-  feet  during  a  storm  in  1898,  the  superstructure 
is  being  founded  at  a  depth  of  43  feet  below  low  water. 

This  type  of  breakwater  is  adopted  where  the  depth  is  considerable, 
or  the  sea-bottom  is  soft  or  easily  eroded.  In  securing,  however,  the 
mound  from  disturbance,  and  the  superstructure  from  undermining,  the 
superstructure  becomes  the  weak  point  of  the  system  ;  for  besides 
sharing  witli  other  sujXTstructures  the  liability  to  considerable  setdement 
on  a  high  rubble  mound,  which  its  weight  due  to  its  greater  height 
increases,  its  blocks  below  low  water,  being  unconnected  by  mortar,  are 
liable  to  be  displaced  in  detail.     The  unequal  settlement  on  a  high, 

*  rt\^ft.dm^s  Inst.  C.E.,  vol.  xxxvii.  p.  61,  and  plates  3  and  4. 

•  Journal  of  the  Society  of  Arts ^  December  15,  1 899,  pp.  85  and  86  ;  and  **  Recml 
Works  at  British  .Seajwrts  and  Harbours,  Paris  Navigation  Congress  1900," 
plate  2,  figs.  8,  9,  and  10. 
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Iding  mound,  which  occurs  in  building  out  the  superstnicturt;  in 
pped,  bonded  courses,  as  the  weight  is  increased  at  the  inner  end  of 
length  in  progress  by  raising  the  wall  to  its  full  height,  tends  to 
locate  the  wall  more  or  less  below  low  water,  and  to  produce  cracks 
iie  connected  masonry  above  low  water,  which  are  readily  enlarged 
the  waves  during  storms. 

In  constructing  several  breakwaters  of  the  mixed  type,  as  for  instance 
iCarachi,  Madras,  Mormugao,  and  Colombo,  this  irregular  settlement 
a  rubble  mound  has  been  provided  against  by  depositing  the  blocks 
the  superstructure  on  a  slope,  in  a  succession  of  transverse,  uncon- 
ted  sections  inclined  outwards  towards  the  bottom,  as  shown  in 
316,    with    the  .rows    of    blacks    sloping    sufficiently    hack    on 


preceding  rows  not  to  be  liable  to  tip  over  forwards,  and  yet  not  so 
;h  as  to  prevent  each  section  settling  indejiendently.  At  first,  each 
ion  was  formed  of  two  unconnected  rows  of  concrete  blocks,  with  a 
tral  vertical  joint  between  them ;  but  as  the  independent  blocks, 
agh  weighing  27  tons  at  Karachi,  proved  liable  to  be  displaced  by 
waves,  the  blocks  in  each  row  were  joined,  by  a  projecting  tenon  at 
top  of  one  block  fitting  into  a  mortise  at  ihe  base  of  the  block 
•ve ;  and  a  capping  of  concrete  was  laid  along  the  top  of  the 
erstructure  as  soon  as  the  settlement  of  the  several  sloping  sections 
Iceased.  Eventuallythe  blocks  in  each  section  were  bonded  together 
isversely,  thereby  doing  away  with  the  objectionable  vertical  joint 
ween  the  rows ;  and  lastly,  at  Colombo,  the  blocks  in  each  sloping 
tion  have  been  further  secured,  and  the  sections  connected  together 
m  top  to  bottom,  after  the  cessation  of  settlement,  by  vertical  grooves 
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formed  in  the  sides  of  the  blocks,  extending  down  the  adjacent  faces  of 
each  section,  which  are  filled  up  with  concrete  in  bags,  serving  as  dowels 
for  uniting  the  sections,  and  closing  the  transverse  joints  (Fig.  31 2,  p.  478). 
The  superstructures  of  the  outer  arms  of  the  Madras  breakwaters, 
facing  the  open  sea,  when  reconstructed  after  their  overthrow,  on  the 
eve  of  completion,  during  a  cyclone  in  1881,  were  protected  on  the  sea 
side  by  a  mound  of  concrete  blocks,  termed  a  wave-breaker,  deposited 
at  random  on  the  rubble  mound.     The  original  superstructure  was  under- 
mined in  places  by  the  waves,  though  founded  at  a  depth  of  23  feet 
below  low  water,  so  that  the  rubble  mound  needed  some  protection 
against  the  recoil  of  the  waves  near  the  sea  face  of  the  superstructuie ; 
but  the  wave-breaker  is  mainly  intended  to  break  up  the  waves  before 
they  reach  the  superstructure,  and  thus  preserve  the  superstructure.    A 
similar  wave-breaker  was  adopted  at  Mormugao,  for  protecting  the 
sui)erstructure  constructed  after  the  damage  to  the  Madras  breakii'ateis 
had  occurred,  and  was  introduced  at  Ymuiden  to  secure  the  upright-wall 
breakwaters  there  against  a  similar  injurj'.    A  mound  of  concrete  blocks, 
however,  is  a  costly  and  indirect  method  of  using  a  large  quantity  of 
additional  material  for  strengthening  the  superstructure ;  and  it  would 
be  preferable  to  add  directly  to  the  strength  of  the  superstructure,  by 
( onnecting   the  blocks  more  thoroughly  together,  and  widening  it  if 
necessar)',  and  to  increase  its  stability  by  carrying  the  foundations  lower 
do^Ti,  or  by  protecting  the  sea  slope  of  the  mound  near  its  face  with 
concrete  blocks  or  bags,  according  to  the  system  developed  at  Colombo. 
Upright-wall  Breakwaters. — Where  the  depth  is  not  too  great, 
and  the  bottom  is  rocky,  or  firm  enough  to  be  readily  protected  from 
scour  by  a  layer  of  rubble,  a  breakwater  m^y  advantageously  be  built  op 
from  the  bottom  in  the  form  of  a   thick,  fairly  upright    wall.    This 
arrangement  reduces  the  amount  of  material  required  to  a  minimum ;  it 
avoids  all  danger  of  unequal  settlement  upon  a  yielding  mound,  and  the 
erosion  of  the  mound  by  waves  breaking  on  it ;  but  it  involves,  like  the 
deep  superstructures  of  the  mixed  type,  the  building  of  a  considerable 
lieight  of  wall  under  water,  necessitating  special  care  and  contriv-ances 
for  rendering  the  wall  compact,  and  for  preventing  unconnected  blocb 
being  forced  out  by  the  sea  ;  for  when  once  a  hole  is  formed  in  a 
structure  in  the  sea,  it  is  rapidly  enlarged  by  waves  in  storms. 

One  of  the  earliest  applications  of  this  system  was  at  the  west 
breakwater  at  Dover,  known  as  the  Admiralty  Pier,  extending  out  froro 
the  shore  into  a  depth  of  about  35  feet  at  low  water  of  spring  tides, 
where  the  chalk  bottom  was  levelled  by  men  in  a  diving-bell,  and  the 
wall  was  built  of  bonded  courses  of  concrete  blocks  laid  by  the  same 
means  up  to  low  water,  where  granite  ashlar  facing  was  introduced,  and 
eventually  concrete-in-niass  for  the  upper  part  of  the  backing  (Fig.  314* 
|).  478).  The  same  system  of  construction  is  being  used  for  the  large 
extensions  in  progress  for  forming  an  enclosed  naval  harbour  at  Do\*er, 
with  the  exception  that  concrete  blocks  faced  with  granite  rubble 
masonry  are  being  used  in  place  of  granite  ashlar ;  and  the  weight  oi 
I  lie  concrete  blocks  has  been  increased  from  about  8  tons  used  at  the 
commencement,  up  to  20  tons  in  the  East  Pier  recently  completed,  and 
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xixnum  of  40  tons  in  the  extensions ;  whilst  in  addition  to  being 
ed,  the  blocks  are  connected  together  by  dowels  at  their  sides.  An 
I  of  concrete  blocks  on  the  chalk  bed,  along  the  face  of  the  wall, 
cts  the  toe  of  the  breakwater  from  being  undermined  by  the  scour 
t  currents. 

'he  levelling  of  the  foundation  under  water  with  the  requisite 
ness  to  lay  the  blocks  uniformly  throughout,  is  a  costly  and  slow 
jss  even  in  chalk ;  and,  accordingly,  the  irregular  granite  bottom 
hich  a  portion  of  the  south  breakwater  at  Aberdeen  was  built,  was 
led  with  concrete  in  bags  to  receive  the  foundation  course  of  blocks, 
n2&  extended,  in  constructing  the  north  breakwater,  to  a  series  of 
s  of  50-ton  concrete  bags  carried  up  to  a  little  above  low  water,  in 
t  of  blocks,  upon  which  the  upper  part  of  the  breakwater,  formed  of 
rete-in-mass  deposited  within  framing,  was  constructed.  The  latter 
m,  dispensing  with  the  laying  of  any  blocks  under  water,  was 
ired  for  the  Newhaven  breakwater,  where  loo-ton  concrete  bags 

deposited  from  a  specially-constructed  hopper  barge,  extending 
»  the  full  width  of  the  breakwater,  raising  the  base  above  low  water, 
rhich  the  concrete-in-mass  upper  portion  was  erected  (Fig.  313, 
8).  The  jute  cloth  enclosing  the  concrete,  protects  it  from  wash 
ig  its  passage  through  the  water ;  and  sufficient  cement  oozes  out 

the  bags,  under  pressure,  to  join  the  bags  together  in  a  solid  mass. 
n  the  absence  of  funds  for  providing  an  expensive  plant,  small 
kwaters  for  sheltering  fishery  harbours  have  sometimes  been  con- 
ted  in  a  solid  mass,  on  a  firm  bottom,  by  depositing  concrete  within 
er  framing,  raised  up  to  low  water  by  lowering  the  concrete  in  a 
xi  skip  with  a  movable  bottom,  through  the  water,  to  the  sea-bed,  or 
le  top  of  the  concrete  previously  deposited,  and  then  opening  the 

of  the  skip  and  releasing  the  concrete.  By  this  means,  the  concrete 
ielded  as  far  as  practicable  from  the  wash  of  the  water  in  the  process 
eing  deposited;  and  the  timber  framing,  lined  with  jute  sacking, 
sets  the  mass  of  concrete  from  currents  and  waves  till  it  has  set 
3Ughly,  when  the  framing  is  removed  for  the  construction  of  another 
th  of  breakwater.  The  breakwater  is  raised  to  its  full  height  by 
:rete-in-mass  brought  up  in  layers,  within  framing,  on  the  top  of  the 
queous  concrete,  thereby  forming  the  breakwater  in  a  solid  block 
liable  to  be  disturbed  by  the  sea ;  but  as  a  long,  continuous  length  of 
TCte  is  liable  to  crack  at  intervals  when  exposed  to  changes  of  tem- 
ture,  it  is  advisable  to  form  the  concrete-in-mass  above  low  water 

vertical  joints,  from  about  15  to  30  feet  apart,  so  as  to  provide  for 
uision  and  contraction,  and  to  avoid  the  formation  of  unsightly 
jular  cracky  across  the  breakwater.  The  concrete  below  low  water 
t  be  made  with  a  larger  proportion  of  Portland  cement  than  the 
:rete  above,  to  allow  for  loss  from  wash,  and  with  small  stones  to 
ire  the  compactness  of  the  mass ;  but  the  concrete  deposited  out  of 
»r  may  with  advantage  have  large  stones  embedded  in  the  central 
5,  away  from  the  face  where  a  rendering  of  strong  Portland  cement 
tar  should  be  introduced.  The  bottom  along  the  sea  face  and  end 
he  breakwater,  except  where  it  consists  of  hard  rock,  should  be 
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protected  by  an  apron  of  concrete  in  bags  against  possible  erosion  by    I 
currents  or  recoiling  waves.  | 

The  breakwater  at  Zeebrugge,  for  forming  a  harbour  at  the  entrance  to 
the  Bruges  Canal,  and  intended  to  serve  also  as  a  quay,  is  being  formed 
by  a  sea  wall  and  harbour  wall  with  intermediate  filling.     Each  wall  Ls 
being  raised  from  the  bed  of  the  sea  to  above  low  water,  by  a  single  row 
of  concrete  blocks  of  2500  to  3000  tons,  which  were  constructed  within 
iron  caissons  erected,  and  partially  filled  with  concrete,  in  the  dr)-  bed 
of  the  canal,*  landwards  of  the  lock,  before  the  canal  was  filled  with  water, 
and  are  now  being  floated  out  one  by  one  in  calm  weather,  and  sunk  in 
))Osition  by  the  admission  of  water ;  after  which,  the  block  is  completed 
by  filling  up  the  caisson  with  concrete  (Fig.  315,  p.  478).     The  firm  sea- 
bottom,  on  which  the  caissons  are  stranded,  is  levelled  where  necessarj 
beforehand  by  small  rubble ;   and  a  layer  of  rubble  is  deposited  along- 
side the  sea  face  of  the  blocks  of  the  sea  wall,  to  protect  them  from  being 
undermined.     The  narrow,  outer  portion  of  the  breakwater  beyond  the 
quay  (Fig.  307,  p.  472)  is  to  be  raised  from  the  bottom,  up  to  3-^  feet 
above  low  water,  by  a  single  row  of  still  larger  blocks,  formed  in  caissons, 
82  feet  long,  29-  feet  wide,  and  28^  feet  high,  and  weighing  about  4400 
tons  when  completed ;  and  upon  these  foundation  blocks,  55-ton  blocks 
will  he  laid  and  bedded  in  mortar  to  form  the  upper  part  of  the  break- 
water.'*'   This  is  a  large  extension  of  the  system  first  successfully  employed 
for  forming  the  lower  portion  of  the  superstructure  of  the  western  break- 
water protecting  the  mouth  of  the  Nervion,  founded  on  a  nibble  base, 
i6j  feet  below  low  water,  with  blocks  of  1400  tons  towed  out  in  caissons 
when  partially  formed  (Fig.  227,  p.  375),  after  the  attempt  to  construct  a 
superstructure  founded  at  low-water  level  on  a  mound  of  large  concrete 
blocks  laid  upon  a  rubble  base,  had  failed  in  two  successive  winters  at 
that  very  exposed  site.  The  value  of  the  system  consists  in  the  formation  of 
the  foundations  of  a  breakwater  with  very  large  blocks  capable  of  resisting 
a  vcTv  heavy  sea,  ( onstructed  under  more  favourable  conditions  than  can 
be  attained  by  other  systems  of  laying  foundations  under  water  in  the 
open  sea  :  but,  on  the  other  hand,  there  is  some  difficulty  in  placing  such 
large  blocks  in  the  exact  line  and  perfectly  level ;  and  very  calm  weather 
is  retiuired  for  the  operation  of  towing  out  and  sinking  the  blocks  in 
|)ositi()n,  which,  moreover, are  not  perfectly  secured  till  filled  with  concrete. 
Construction  of  Superstructures  and  Upright  Walls  for 
Breakwaters.-  -  Formerly,  the  superstructures  of  the  mixed  t}-pe  of 
breakwater,  and  also  upright- wall  breakwaters,  were  constructed  by  mean> 
of  staging  carried  out  into  the  sea  along  the  line  of  the  proposed  structure. 
In  moderate  depths,  the  staging  was  serviceable  in  the  tipping  of  the 
mound  of  a  composite  breakwater,  as  well  as  in  the  construction  of  the 
su|)erstructure  by  carrying  travelling  gantries  for  handling  the  stones  of 
blocks,  as  exemplified  by  the  Holyhead  and  inner  Portland  breakwaters, 
where  trucks  conveyed  the  stone  direct  from  the  quarries.     Staging  sup- 
ported on  iron  piles,  and  carrying  powerful  gantries  and  travelling  cranes. 

'   lyoceedittji^s  Inst.  C.E.,  vol.  cxxxvi.  plate  5,  figs.  $  to  7. 

•  '*  (.lonsiruclioii  du  Mole  du  Port  d'Escale  de  Zeebrugge,  Congres  de  Navigtiion, 
I^aris,  1900,"  J.  Nyssens-Hart  and  C.  Piens,  plate  2. 
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s  being  employed  for  the  extension  works  at  Dover  HaitKxir.  WTiere 
:he  depth  is  considerable,  the  nibble  mound  is  tipped  from  hopper 
jarges,  and  the  staging  is  carried  on  piles  embedded  in  the  mound, — a 
5lan  adopted  in  the  construction  of  the  Aldemey  breakwater.  TTie 
erection  of  staging,  however,  occupies  a  considerable  time :  and  in  order 
lot  to  delay  the  progress  of  the  work  during  the  calm  season,  the  staging 
las  to  be  carried  out  before  it  b  required,  and  is  left  exposed  to  storms, 
vhich  have  often  inflicted  considerable  damage  on  it. 

In  order  to  expedite  the  progress  of  the  works,  and  to  avoid  the 
njuries  to  which  staging  is  subject  in  exposed  situations,  overhanging 
>lock-setting  cranes,  called  "  Titans,"  were  introduced,  which,  travelling 
ilong  the  completed  breakwater,  can  set  blocks  from  the  outer  end  of 
he  finished  work,  and  can  be  run  back  into  shelter  on  the  approach  of  a 
itorm  ^  (Fig.  3 1 6,  p.  481 ).    Simultaneously  with  the  introduction  of  Titans, 
he  sloping-block  system  of  construction  for  superstructiu-es  on  a  rubble 
nound  was  adopted,  reducing  the  amount  of  overhang  necessarx',  as 
:oinpared  with  horizontal  courses  which  have  to  be  carried  out  in  steps 
n  .advance.     The  earlier  Titans  could  only  travel  forwards  and  back- 
wards on  the  breakwater,  though  admitting  a  sufficient  lateral  movement 
)f  the  trolley,  from  which  the  block  was  suspended  at  its  proper  slope, 
o  enable  two  rows  of  blocks  to  be  laid  side  by  side.     I^ter  Titans, 
lowever,  have  been  constructed  which  can  swing  round  on  a  ring  of 
oilers  placed  on  the  top  of  the  travelling  truck  which  carries  the  Titan, 
md,  consequently,  have  a  greatly  increased  range  of  work,  being  able 
lot  only  to   lay  blocks   in   advance  of  the   breakwater,  but   also   to 
leposit  large  blocks  or  concrete  bags  for  forming  an  apron  along  the  sea 
ace.     The  overhang  also  of  these  Titans,  and  their  power  of  lifting 
veights,  have  been  gradually  increased,  so  that  in  place  of  the  first  Titan 
ised  at  Karachi  in  1870,  which  could  set  27-ton  blocks  in  a  sloping 
x>sition  with  an  overhang  of  26^  feet  from  the  base  of  its  outer  wheels,  a 
ritan  has  been  constructed  for  setting  50-ton  blocks  in  stepped,  horizontal 
:ourses  for  the  Peterhead  breakwater,  with  an  overhang  of  82^  feet  from 
ts  outer  support,  capable  of  lifting  62^  tons  at  this  distance  out,  and 
•evolving  on  a  ring  of  rollers  with  a  radius  of  100  feet  from  its  centre  of 
•evolution  to  the  centre  of  the  lifting  gear  -  (Fig.  3 1 7,  p.  486).  These  Titans 
lave  been  generally  worked  by  steani-i)Ower ;  but  those  being  employed 
n  the  construction  of  the  breakwaters  at  the  mouth  of  the  River  Nervion, 
ind  at  Zeebrugge,  are  worked  by  electricity,  and  can  lift  blocks  of  about 
>o  tons,  though  at  a  less  distance  out  than  the  Peterhead  Titan  ;  whilst 
he  2^ebrugge  Titan,  in  which  the  main  girder  is  supported  by  overhead 
itays  from  a  high  central  upright,  on  the  principle  of  the  revolving 
Goliath  used  at  Tynemouth,^  can  set  blocks  of  20  tons  at  a  distance  of 
1 64  feet  from  its  centre  of  revolution. 

Remarks  on  Breakwaters.— All  the  three  tyi)es  of  breakwaters 
Jescribed  above  are  still  carried  out  for  sheltering  harbours  ;  for  the  rubble 

»  Proceeding  Inst.  C.E.,  vol.  Ixxxvii.  plate  2,  fij^s.  10  and  11. 
'  Ihid.,  vol.  cxiii.  plate  2,  fitj.  TfZ- 

•  Mhnoires  de  la  SocUU  dcs  lugvnicurs  Civih  de  France,   igoo  (2),   i).  87  ;  and 
'*  Harbours  and  Docks,"  plate  8,  fig.  8.  v    .  1       /  > 
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moand  bss  been  qniie  recentlT  used  for  endosii^  the  Dorthem  end  o( 
Ponlukd  HuixwT  against  n^tu  anacks  by  toip«lo  vessels,  and  is  the 
syscem  *4op**1  for  ibc  noitfaeni  breakwater  in  progress  at  Colombo  for 
sbdtenqg  the  harboor  from  ifae  north-east  monsoon  ;  breakwaters  of 
the  nuxed  ijpe,  of  moond  aod  supersmictnre,  are  in  progress  at  HiTre, 
the  mouth  of  the  Rivei  Xervion,  Colombo  north-west  breakwater,  and 
Peteihead,  with  dwv  saperstiucnires  fomided  at  low  water,  and  16^, 
3=;,  and  43  fnrt  below  low  water  of  spring  tides,  respectively;  and 


upright-wall  breakwaters  are  in  construction  at  Dover  and  Zeebnigge- 
In  all  breakwaters,  the  portion  exposed  to  the  direct  stroke  and  recoil 
of  the  waves  is  the  most  subject  to  injurj' ;  and  the  zone  of  this  action  is 
increased  in  proportion  to  the  tidal  rise,  and  its  influence  in  proportion 
to  ihe  exposure.  Mound  breakwaters  require  llieir  exposed  sea  slope 
to  be  proiecied  by  large  blocks,  or  smooth  pitching  in  cement. 

The  most  iiilnerable  part  of  a  superstructure,  or  of  an  upright-wH 
breakwater,  is  at  low-water  level,  and  for  a  few  feet  below,  espedaliv 
where  settlement  occurs,  or  a  comparatively  narrow  sea  wall  is  adopted, 
with  rubble  filling  between  it  and  the  harbour  wall, — a  somewhat  common 
practice  in  former  days,  and  even  followed  along  the  first  1336  feet  of 
the  south-west  breakwater  at  Colombo.  The  blocks  at,  and  below  lo" 
water,  have  open  joints,  into  which  air  penetrates  on  the  recoil  of  a  wave, 
and  also  fills  any  cavities  behind  due  to  settlement  or  other  causes;  and 
then  the  succeeding  wave,  compressing  the  air  inside,  leads  to  the  gradual 
forcing  out  of  a  block  by  the  pressure  from  behind  on  the  retreat  of  each 
wave  during  a  storm,  unless  the  weight  of  the  blocks  above,  or  its  con- 
nection with  adjacent  blocks  by  joggles  or  dowels,  prevents  this  move- 
ment.   A\Tien  once  a  face-stone  has  been  drawn  out,  the  enlatgementof 
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le  hole  by  the  sea,  and,  in  the  case  of  a  narrow  sea  wall,  the  piercing  of 
le  wall  and  the  scooping  out  of  the  rubble  filling,  resulting  in  a  breach 
ux>ugh  the  breakwater,  merely  depends  upon  the  duration  of  the  gale. 
hese  injuries  may  be  avoided,  by  making  the  superstructure  or  upright 
all  solid  throughout,  with  blocks  laid  as  close  together  as  practicable ; 
jT  laying  the  blocks  in  sloping  rows  to  prevent  irregular  settlement,  and 
>nsequent  dislocation  of  the  superstructure  on  a  high  rubble  mound ; 
id  by  connecting  the  blocks  under  water  firmly  together  by  joggles  and 
owels,  and  giving  the  wall  only  a  slight  batter  so  as  to  throw  the  weight 
f  the  upper  part  of  the  wall  on  to  the  lower  face-blocks.  The  stroke 
50  of  the  waves  against  the  superstructiu"e  or  upright  wall  may  be  some- 
hat  reduced,  when  the  provision  of  a  quay  is  not  required,  by  raising 
le  wall  only  just  sufficiently  high  to  shelter  the  harbour,  and  dispensing 
ith  a  parapet,  so  that  the  upper  part  of  the  waves  may  pass  harmlessly 
irer  the  wall  into  the  harbour,  instead  of  dashing  against  the  breakwater ; 
id  the  recoil  of  the  waves  is  also  thereby  reduced.  The  most  certain 
ay,  however,  of  securing,  in  a  moderate  depth  of  water,  the  portion  of 
superstructure  or  upright  wall  below  low  water  from  injury,  is  by 
irming  the  whole  of  the  subaqueous  part  of  the  work  of  ver)-  large 
jncrete  blocks,  which,  with  the  upper  part  laid  in  mortar,  constitute 
lasses  too  heavy  to  be  disturbed  by  the  sea,  as  effected  for  a  composite 
reakwater  at  the  mouth  of  the  Nervion,  and  for  an  upright-wall  break- 
ater  at  Zeebrugge. 

Though  superstructures  founded  at  low  water  upon  a  protected 
ibble  mound  may  prove  stable  in  fairly  sheltered  situations,  such  as 
[avre  and  Boulogne,  it  is  evident,  from  the  experience  at  the  western 
reakwater  at  the  mouth  of  the  Nervion,  and  the  breakwater  at  St.  Jean 
e  Luz,  that  this  arrangement  is  not  suited  for  very  exposed  sites,  even 
hen  the  rubble  mound  is  capped  with  large  concrete  blocks.  It  appears, 
xordingly,  expedient,  in  the  case  of  the  mixed  type  of  breakwater,  to 
»und  the  superstructure  at  a  sufficient  depth  for  the  mound,  protected  by 
1  apron  of  concrete  bags,  not  to  be  disturbed  by  the  sea,  which  can  readily 
e  carried  out  by  modern  block-setting  Titans,  or  in  moderate  depths, 
id  under  suitable  conditions,  by  large  caisson  blocks  towed  out  to  the 
te,  and  also  to  adjust  the  width  of  the  superstructure  to  its  exposure. 

Undoubtedly  the  upright  wall  provides  the  most  satisfactory'  and 
able  type  of  breakwater  on  a  firm  bottom,  and  in  a  moderate  depth 
f  water ;  but  a  breakwater  built  up  in  courses  on  a  levelled  bed,  like  the 
reakwaters  at  Dover,  is  costly  ;  concrete-bag  foundations  up  to  low 
ater  require  to  be  very  carefully  laid,  and  necessitate  special  plant ; 
hilst  subaqueous  foundations  formed  with  concrete  deposited  by  skii)s 
ithin  framing,  though  economical  for  moderate  depths,  demand  the 
reatest  care  in  execution  to  avoid  injury  to  the  concrete  by  the  wash 
f  the  sea.  The  large  increase,  however,  in  the  size  of  blocks  laid  by 
'itans,  combined  with  their  much  more  efficient  connection  together 
nder  water,  the  formation  of  large  monoliths  of  concrete  deposited 
I  a  heap  of  bags,  and  in  mass  within  framing,  and  the  construction 
nd  placing  in  position  of  large  blocks  within  iron  caissons,  have 
Ided  greatly  to  the  stability  of  breakwaters  in  exposed  situations. 
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LIOHTINO    COASTS    AND    CHANNELS. 

Sites  of  lighthouses,  on  land,  on  isolated  rocks,  materials  employed— 
Foundations  of  rock  lighthouses,  arrangements,  connections  of  rock  and 
stones  of  tower,  provisions  at  New  Eddy  stone  for  expediting  work- 
Arrangements  for  building  rock  lighthouses — Forms  of  rock  lighthouses, 
batter,  cylindrical  base  at  New  Eddystone  and  Bishop  Rock — Interna! 
arrangements  of  rock  lighthouses,  cost — Lights  exhibited  from  li^rht- 
houses,  electric  light,  gas,  oil,  distinguished  by  flashes  of  concentrated 
rays,  increased  rate  of  rotation,  flashes  at  Cape  Bdar,  Eddystone,  and 
Bishop  Kock,  intensity  of  electric  arc  lights— F'og  signals  at  lighthouses, 
bells,  explosions ;  sirens,  range  of  sound  —  Screw-pile  lighthouses, 
instances  —  Beacons,  materials  employed,  methods  of  construction, 
instances  founded  under  water — Lights  on  beacons,  with  compressed 
oil  gas,  provided  with  flashing  lights,  power — Light-ships,  means  of 
increasing  stabilit)*  —  Lights  on  light-ships,  suspended  lamp  with 
improved  stability,  illuminant  and  power,  flashing  light — Light-giving 
buoys,  objects,  instances  of  use,  stable  type  for  exposed  sites,  {wwer  of 
light,  details. 

LiGHr HOUSES  are  erected  on  headlands,  islands,  and  rocks  in  the  sea, 
to  guide  the  mariner  as  to  his  position  and  course  at  night,  and  to  u-am 
him  of  his  approach  to  the  coast  and  the  neighbourhood  of  outhnng 
reefs  ;  and  they  are  also  placed  on  pierheads,  and  at  the  mouths  oi 
navigable  rivers,  to  mark  the  entrance  to  harbours,  and  to  direct  vessels 
into  river  channels,  two  leading  lights  being  often  so  placed  as  to 
appear  in  line  when  a  vessel  is  following  its  proper  course  towards  the 
entrance  channel.  The  erection  of  lighthouses  on  land,  or  to  indicate 
the  entrance  to  ports,  presents  no  difficulty ;  and  the  chief  points  to  be 
determined  in  such  cases  are,  the  height  and  power  of  the  light,  which 
settle  its  range  of  visibility,  its  distinguishing  characteristic,  and  with 
leading  lights,  their  most  suitable  relative  positions  and  arrangements 
to  guide  and  warn  the  pilot ;  whilst  with  very  high  lighthouse  towen;  in 


diameter,  their  stability  vmder  very  vehement  blasts  of  wind  has  to  b«^ 
secured  'by  giving  them  an  ample  base  on  a  solid  foundation,  and 
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ng  them  of  the  strongest  masonry  set  in  cement  mottar.  Li^t- 
1,  however,  which  have  to  be  buitt  on  isoUted  To6a  in  the  sea  at 
distance  from  the  coast,  both  to  guide  and  warn  vessels,  ofiei 
.erable  difficulties  in  their  foundations  and  lower  couises  m 
lion  to  the  lowness  in  level  of  the  rock,  and  the  exposure  and 
of  the  sea  at  the  site.  " 

xk  lighthouses  are  generally  constructed  of  granite,  as  being  the 
't  available  stone :  and  lighthouses  on  land  are  usually  built  of 
iry  or  iron  ;  whilst  concrete-in-mass  was  employed  for  the  Corbifere 
louse  on  a  high  rock  projecting  from  the  coast  of  Jersey,  and  also 
-.  Stannard's  Rock  Lighthouse  in  l^ke  Superior, 
itrndatlons  of  Rock  Lighthoiuea. — The  outlying  rock  on 
it  is  proposed  to  erect  a  lighthouse  in  the  sea,  has  to  he  carefiiUy 
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:d,  so  that  the  area  available  for  the  foundations,  the  fit-ncral 
ration  of  the  rock,  and  the  levels  of  its  \arious  jKirts,  with 
ce  to  low  water  of  spring  tides,  may  he  accurately  known  ;  and 
lata  enable  a  design  for  the  lighthouse  tower  to  he  [jrepared. 
ck  has  then  to  be  dressed  in  steps  and  levelled  to  receive  the 
ion  stones,  the  lowest  stones  being  first  laid,  and  carried  up  in 
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stones,  which  are  set  in  place  by  a  crane,  formed  generally  by  a  hollow 
ight-iron  mast  provided  with  two  jibs,  which  is  fixed  in  a  suitable 
tion  and  raised  as  the  w^ork  proceeds.  AMien  there  is  sufficient 
:e  on  the  rock,  and  especially  if  it  also  rises  above  high  water,  a 
ack  is  sometimes  provided  for  the  men  close  to  the  work,  as  it  is 
t  important  to  seize  every  favoiurable  opportunity  for  building  the 
IX  part  of  the  tower.  As  the  tower  is  raised,  the  number  of  landings, 
the  hours  that  can  be  spent  on  the  work,  rapidly  increase. 
Porms  of  Rock  Lighthouses. — Lighthouse  towers  have  generally 
II  given  a  curved  batter  on  the  face,  so  as  to  spread  out  more 
dly  towards  the  base,  and  thus  secure  as  large  an  area  at  the 
idations  as  the  rock  conveniently  affords;  though  occasionally  a 
igbt  batter  has  been  adopted  in  lighthouses  of  moderate  height,  to 
special  conditions.  The  cur>ed  batter,  however,  though  affording 
most  stable  form  of  tower,  has  been  found  to  favour  the  upward 
of  the  waves,  which  eventually  rising  still  higher  as  spray  over  the 
em,  have  occasionally  hidden  the  light  for  several  seconds  at  the 
[  Rock  Lighthouse,  as  well  as  at  the  old  Eddystone  and  Bishop 
i  lighthouses.  Accordingly,  in  rebuilding  the  two  latter  lighthouses, 
lower  parts  of  the  towers  have  been  made  cylindrical,  up  to  2^  feet 
ve  high  water  of  spring  tides  at  the  new  Eddystone  Lighthouse,^  and 
feet  at  Bishop  Rock  Lighthouse,'-*  which  is  exix)sed  to  a  still  heavier 
than  the  Eddystone  (Figs.  318  and  320,  p.  489) ;  and  this  cylindrical 
»  causes  the  waves  to  divide  and  break,  and  thus,  though  receiving 
vier  strokes  itself,  checks  the  waves  from  running  to  the  same  extent 
:he  tower.  The  cylindrical  base  is  44  feet  in  diameter  at  the  Eddy- 
le,  and  41  feet  at  the  Bishop  Rock,  and  its  top  forms  a  very  <  on- 
ient  platform  for  landing  stores ;  and  in  each  rase,  the  lighthouse 
er,  with  a  cur\ed  batter,  starts  from  the  top  of  the  cylindrical  base, 
ing  a  bottom  diameter  of  36  feet  at  the  Eddystc^ne,  and  32  feet  at 
Bishop  Rock. 

Internal  Arrangements  of  Rock  Lighthouses. — To  strengthen 
tower  where  most  exposed  to  the  stroke  of  the  waves,  it  is  brought 
X)lid  for  some  distance,  according  to  the  exjKjsure  of  the  site  and  the 
jht  of  the  tower.  Thus,  with  the  excej)tion  of  the  small  hollow 
lired  for  the  water-tank,  the  Eddystone  Lighthouse  has  been  carried 
jolid  from  its  foundation  to  a  height  of  25^  feet  above  high  water  of 
ng  tides,  and  the  Bishop  Rock  Lighthouse'47  feet  above  high  water. 
;  entrance  to  the  lighthouse  is  placed  on  the  toj)  of  the  solid  jxmion, 
is  reached  from  below  by  a  metal  ladder  fixed  to  the  side  of  the 
er ;  and  the  several  rooms  for  the  stores,  and  the  accommodation  of 
lightkeepers,  are  arranged  in  floors  above,  the  service  room  for  the 
ps  being  placed  just  below  the  lantern  (Figs.  318  and  320,  p.  4^9)- 
I  rooms  are  generally  made  of  the  same  size,  the  thickness  of  the  walls 
ig  gradually  reduced  upwards  by  the  batter  of  the  tower ;  and  they 
commonly  reached  by  a  light  iron  staircase  at  the  side  of  each  room. 

'  ProctYdifti^s  Inst.  C.E.^  vol.  Ixxv.  plate  2. 
'  //'/</.,  \ol.  cviii.  plalc  4,  fij;.  3. 
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:'  the  '.izhtning  flashes,  in  France,  towards  the  necessary  limi' 

::c*Ti.  estimated  at  -j^  second,  has  reduced  the  number  o! 

Ien>es  required  for  each  flash,  and  enabled  lenses  of  bruc 
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fuiface,  and,  consequently,  increased  power,  to  be  iotroduced,  materially 
tacreasing  the  intensity  of  the  flashes. 

The  optical  apparatus  of  Cape  Bear  Lighthouse  is  shown  in  Fig.  31 2. 
which  completes  a  revolution  in  zo  seconds,  and  emits  a  group  of  three 
flashes,  each  lasting  o'l  second,  n-ith  intervals  between  each  flash  of 
3'9  seconds,  and  an  inier\-al  of  11*9  seconds  between  each  group; 
whilst  the  power  of  the  flash  amounts  to   237,303  candles,  with  an 


iticandescent  light  derived  from  petroleum  vapour.'  The  Eddystonc 
Lighthouse  exhibits  flashes  in  groups  of  two,  at  intervals  of  zi  seconds, 
each  flash  lasting  a^  seconds  with  an  interval  of  4  seconds  btlHeen  the 
two;  and  a  revolution  occupies  3  minutes,  with  six  grou|>s  of  flashes. 
The  light  in  this  case  consists  of  two  sui>er|X)sed  burners,  fed  with  rolza 
oil,  having  a  combined  intensity  of  1900  candies,  which  is  increased  by 
the  optical  apparatus  to  79,000  candles  for  the  flashes.^  The  Bishop 
Rock  Lighthouse  exhibits  Ave  similar  groups  of  double  flashes,  of 
4j  seconds'  duration,  with  4-j  seconds"  interval  between  the  fl.ishes,  in  a 
revolution  lasting  s  minutes ;  and  the  light  produced  by  two  su|H.Tposed 
burners  fed  by  heavy  mineral  oil,  gives  out  llasbes  having  an  inteiisitv  of 
170,500  candles.  The  advantage  of  these  su|K.'rpiised  burners  is  that 
they  enable  the  intensity  of  t!ie  light  to  be  tloubled  in  fo,ij£;y  weather ; 
vbilst  in  clear  weather,  only  one  burner  is  used,  and  is  worked  considerably 

'  "Nolices  sur  It-i   Ap|iat«ils  irKtliioi^F,  Modelts  rt   Dcwjn-.,  l■xpoM;^  pai  Iv 
Seprice  i1«  Phares,"  Paris,  1900,  (ip.  33,  36,  aii'l  37. 

■  "The  Admiialt;  Li^t  uf  Lights,  I'jri  I.,  The  UritUli  Iskn<ls"  I'joo.  p.  10, 
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below  its  maximum  intensity,  thereby  emitting  about  one^hiid  of 
the  power  of  the  hght  available  in  foggy  weather.  In  rebuildiag  the 
Eddystone  and  Bishop  Rock  lighthouses,  the  range,  as  well  as  the  powr 
of  these  important  guiding  lights  was  increased,  by  making  the  fed 
plane  of  the  new  Eddystone  6i  feet  higher  than  that  of  Smeaton's 
lighthouse,  and  by  raismg  the  foc.il  plane  of  the  BishoD  Rock  EeH 
36  feet.  ^  ^^ 

Far  greater  intensity  can  be  attained  for  shore  lights  bv  the  adopdoa 
of  the  electnc  arc  light,  than  could  possiblv  be  exhibited  from  rod 
lighthouses,  as  exemplified  by  the  two  most  powerful  electric  Mb  on 
the  French  coast,  established  at  Cape  Gris-Nez  and  EckmiiH  liihi 
maximum  intensity  in  each  case  of  28,500,000  candles 

Peg  Signals  at  LighthouBes.— Mist  and  fog  greatlr  diminish. b 
])roportion  to  their  thickness,  the  penetration  through  them' of  the  motf 
l>owerful  lights  ;  and  the  electric  light  is  more  affected  in  this  respect, 
in  relation  to  its  intensity,  than  other  lights,  owing  to  the  laree  propor- 
tion  of  ra>'s  towards  the  violet  end  of  the  spectrum  in  its  composidoii 
which  are  more  rapidly  cut  off  by  fog  than  the  red  rays,  Soundinj 
signals  have,  accordingly,  to  be  provided  to  replace  as  far  as  practiabk 
the  more  or  less  obscured  lights,  and  for  use  during  the  davinvcry 
thick  weather.  Bells  have  been  hung  for  this  purpose  on  several  rod 
lighthouses,  as,  for  instance,  at  the  new  Eddystone  (Fig.  318,  p.  4S9): 
but  the  explosion  of  charges  of  gun<otton,  suspended  from  the  top  of  a 
curved  steel  rod  attached  to  the  lantern,  was  adopted  as  the  fog  signal 
at  the  rebuilt  Bishop  Rock  Lighthouse,  in  place  of  the  former  bells,  as 
well  as  at  some  other  rock  lighthouses,  and  has  proved  a  more  efficient 
warning  than  bells. 

The  most  ix)werful  fog  signal  consists  of  the  blasts  of  a  siren  tnimpet, 
actuated  by  compressed  air  at  a  pressure  of  from  20  to  28  lbs.  per 
square  inch  ;  and  the  deep  note  produced  by  326  vibrations  per  second 
has  been  found  very  suitable,  and  is  heard  further  off  than  a  high  note 
with  the  same  expenditure  of  air.  With  a  consumption  of  about  14 
cubic  feet  of  air  per  second,  a  siren  with  a  drum  of  6  inches  in  diameter 
has  been  found  to  give  the  best  results.^  The  most  powerful  sirens 
cease  sometimes  to  be  audible  beyond  2  sea-miles  ;  but  their  range 
extends  generally  to  at  least  4  sea-miles,  and  under  favourable  conditions 
may  be  much  greater.  There  is  not  generally  sufficient  space  available 
at  rock  lighthouses  for  the  establishment  of  a  siren  with  its  necessary 
machinery,  though  the  rock  lighthouse  of  Ar-men,  on  the  west  coast  of 
France,  has  been  pro>'ided  with  a  siren  on  an  adjacent  rocky  projection : 
but  sirens  are  important  adjuncts  to  the  principal  lighthouse  stations  on 

scacoasts. 

Bv  grouping  the  strokes  on  a  bell,  the  explosion  of  charges  of  gun- 
cotton  and  the  blasts  of  a  siren,  with  definite  intervals,  corresponding 
to  the' flashes  of  the  lights,  lighthouses  are  characterized  by  sounds  in 
the  same  manner  as  by  flashes. 

>  »•  Notices  sur  Ics  Appareils  .I'Kclairage,  Modcles,  ct   Dessins."   Paris,   190c. 
pp.  154  and  157. 


ives;   and  iht  system  is  con- 
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^      Borew-PUe   Llghthouees.— \Vhere  a  sandy  shoal  lies  near  the 
^nu:k  of  vessels,  a  light  structure  has  sometimes  been  erected  on  iron 

^^  crew-piles  carried  well  down  into  the  sand,  from  the  top  of  which  a 

^-Ig^t  is  exhibited  to  mark  the  shoil.     A  structure  of  this  kind  was 

—'^Sfected  many  years  ago  on  the  Maplin  Sands  in  the  Thames  estuary; 

~;JrililsttheWalde  Lighthouse  (Fig.  323)  was  similarly  constructed  on  a 

'="  Mndy  beach  to  the  north-east  of  Calais;  and  numerous  lighthouses  of 

_  din  type  mark  shoals  along  the  coasts  of  the  United  States.    The  round, 

"'ilender  piles  offer  little  opposition  t 

' ''Venient  for  marking  soft  shoals 

-•  dose  to  the  shore  in  somewhat 
r  ibeltercd    positions,    but   would 

—  not  be  suitable    for  sandbanks 

«■'  in  deeper  water  in  the  open  sea. 

-'        Bmooxlb. —  Minor    shoals, 

~  lomewhat    out    of    the    proper 

-  tiKck  of  vessels,  are  often  indi- 

-  cated    by   beacons,    constructed 
'  of   Open  ironwork,   or  solid   in 

—'  nuuoniy,    brickwork,     concrete, 

~'  and  even  occasionally  neat  ce- 
ment. Beacons  are  generally 
built  on  detached  reefs  which 
emetge  out  of  water  at  low  tide, 
but  whose  position  requires  to 
be  indicated  at  high  water.  The 
construction  of  these  beacons  is 
readily  accomplished  where  the 
rock  is  not  near,  or  below  low 
water,  nor  very  exposed.  In 
France  formerly,  these  beacon 
towers  were  built  of  masonry ;  but 
about  twenty  years  ago  Portland 

cement  concrete,  deposited  with-   i.„  _   _  

in  framing,  was  adopted,  as  being       umiiuui 1 1 1 1 1 

quicker  in  buildini;,  less  liable  to 

injur)' in  construction,  and  enabhng  the  work  ti>  be  carried  out  by  sailo^^ 
alone.  Subsequently,  the  circular  form  of  lower  was  abandontil,  as  tin- 
framing  for  it  was  not  suited  for  resisting  the  wavi-h,  and  was  ottiomisi.- 
inconvenient ;  and  the  concruit;  was  dejMisilwl  within  im  ta-^joual  timber 
framing  (Fig,  324,  p.  496),  fastened  at  the  comirs  by  vertical,  last-lron 
comer  pieces,  n-ith  a  groove  on  each  side  in  which  the  boards  of  the 
framing  slide  and  are  kupt  firmly  in  place'  The  lower  and  more  ix|K).scd 
portion  of  these  concrete  beacons  was  made  with  a  larger  pr(i|x>rti<)n  (if 
cement,  to  augment  its  strength  ;  and  subseijuenCly,  in  erecting  beacons  for 
the  first  time  on  rocks  below  low  water,  cement  mortar  has  been  eniploycil. 
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CEMENT    AND    CON- 
CRETE   BEACON. 

Fig.  324.— Qrande- 
Vinoti^re. 


and,  finally,  neat  Portland  cement  for  the  portion  under  water,  deposited 
within  a  dam  of  cement  bags,  and  more  recently  within  a  framiDg  d 
stiffened  wire  gauze,  by  skips  provided  with  boles  at  the  top  for  admit- 
ting water  to  the  cement  during  its  descent.  The  foundation  of  the 
Grande- Vinotifere  beacon,  on  a  reef  off  the  coast  of  Finistbre,  shown  in 
Fig.  324,  was  built,  in  1896,  of  neat  Portland  cement  deposited  under 
the  shelter  of  a  dam  of  sacks  of  quick-setting  cement ;  whilst  the  mass 

of  the  beacon  was  constructed  of  cement  mortar, 
with  pieces  of  granite  embedded  in  it,  deposited 
within  octagonal  framing.  Still  more  recently,  the 
cylindrical  fotmdation  of  a  beacon,  on  the  ven 
exposed  Rochebonne  reef,  has  been  constructed 
in  sections,  by  depositing  neat  Portland  cement 
within  an  enclosure  of  wire  gauze,  divided  by 
partitions,  in  a  depth  of  26^  feet  below  the  lowest 
low  water ;  and  in  this  manner,  a  bottom  layer  has 
been  formed,  3^  feet  high  and  23  feet  in  diameter, 
which  is  surmounted  by  a  second  layer,  5  feet  high 
and  193^  feet  in  diameter.  The  large  expenditure 
on  material  involved  in  using  neat  cement,  is 
compensated  for  by  the  saving  effected  by  rapidity 
of  execution ;  whilst  a  considerably  stronger  beacon 
is  obtained  by  constructing  the  most  exposed  portion 
of  neat  cement 

Lights  on  Beacons. — By  the  introduction  of 
compressed  oil  gas  as  an  illuminant,  it  became 
possible  to  establish  permanent  lights  on  beacons 
and  buoys,  which  only  need  to  have  their  resenoirs 
of  gas  replenished  at  intervals  of  about  three  months,  and,  consequently, 
arc  well  suited  for  exposed  sites  inaccessible  in  stormy  weather.  By  this 
means,  beacons  serve  now  for  marking  shoals  by  night  as  well  as  by 
day,  which  was  to  some  extent  effected  by  bell  and  whistling  buoys 
before  light-giving  buoys  were  introduced. 

Owing  to  the  ease  of  rotation  attained  by  floating  the  optical 
apparatus  in  an  annular  mercury  bath,  it  has  proved  possible  to  advance 
a  step  further,  and  besides  exhibiting  a  permanent  light  on  beacons, 
concentrated  by  lenses  into  a  much  more  powerful  ray  in  a  definite 
direction,  to  give  the  lights  distinguishing  characters  by  flashing  lights 
in  groups,  on  the  same  principle,  though  on  a  smaller  scale,  as  adopted 
for  lighthouses.  An  electric  battery,  which  can  continue  in  action  for 
over  four  months,  drives  a  Gramme  motor,  which  effects  the  rotation  of 
the  apparatus;  and  the  rate  of  rotation,  which  averages  10  seconds  for 
one  revolution,  is  regulated  by  an  electro-magnetic  brake.  The  resen'oir 
of  compressed  oil  gas,  and  the  receptacle  for  the  rotating  machinery, 
with  its  battery,  are  contained  in  the  body  of  the  beacon,  which  thus 
with  its  flashing  light  fulfils  the  functions  of  a  small  lighthouse,  needii^ 
only  occasional  visits.  One  of  these  beacon  lights,  recently  established 
in  France,  has  a  power  of  950  candles. 

Light- Ships. — ^Where  a  shoal  out  at  sea,  near  the  track  of  vesseK 


rUAN 


SOAI.C    800 


IXCREASED  STABILITY  GIVEN  TO  LIGHT-SHIPS.   497 

is  always  covered  vith  water,  and  especially  where  the  shoal  is  sandy, 
|M«cluding  the  erection  of  a  lighthouse  or  a  light-giving  beacon,  a 
light-ship  is  moored  close  to,  or  over  the  shoal  (Fig.  325).  Light-ships, 
accordingly,  are  of  great  importance  for  the  safety  of  navigation ;  but 
being  placed  at  very  exposed  sites,  the  visibility  of  their  light  is  liable 
to  be  materially  impaired  by  their  rolling.  The  aim,  consequently,  of 
recent  improvements  has  been  to  augment  their  stability  during  severe 
storms,  and  to  increase  the  power  of  the  light.  'I'he  period  of  oscillation 
of  waves  in  the  worst  storms,  though  varying  considerably  in  different 
uaHT-SHtp. 

Pis.  326.— "Snouw  "  nur  I>Mnklrl.. 
LonBltudlnal  Ssction.  CroM  S«l>on, 


loralities,  is  approximately  constant  in  any  particular  place  ;  and  thert-- 
fore,  having  ascertained  the  period  for  the  site  where  the  litiht-.ship  has 
to  be  moored,  the  vessel  must  be  so  designed,  with  a  low  ccinre  of 
gravity  and  adjusted  ballast,  that  the  period  of  its  roll  shall  differ 
materially  from  that  of  the  wave  oscillations.  Moreover,  the  rollinj;  ol' 
a  l^ht-ship  may  be  checked  by  giving  the  vessel  a  good  draught,  aiid 
also  deep  bilge  keels  (Fig.  325). 

U^ta  on  Light-Ships.— The  visibility  of  the  light  is  im|>ro\e<l 
by  the  increased  stability  given  to  the  vessel ;  but  the  siahilily  of  t,\w 
light  itself  has  been  still  further  augmented  by  supjKjrting  the  light,  with 
its  optical  apparatus,  on  a  vertical  rod  jjivoted  below  the  light  or)  knife- 
edges  on  a  bracket,  and  carried  down  below  its  ]>oint  of  suspension. 
with  a  counterpoise  at  the  bottom  of  the  rod,  and  also  nho\e  the  optiral 
apparatus,  so  as  to  form  a  sort  of  compound  pendulum  arranged  so  as 
to  have  a  period  of  oscillation  dilft-ring  widely  from  the  roll  of  tin- 
vessel.'  The  intensity,  morL'over,  of  the  light  has  been  ^(reatly  incn^aseil 
by  the  adoption  of  an  incandescent  lamj)  fed  with  compressed  oil  gas  ; 
and  the  power  of  the  light  exhihitcd  by  this  form  i»f  lamp  has  been 
brought  up  to  33,250  candles,  or  more  than  double  the  intensity  of  tin- 
lights  previously  employed  on  light-sliijis.  The  rotation  of  the  ajiparatus 
'  "  Notkes  sur  les  Apparvil^  d'EctairaKC,  Modele*  c(  Dcsstn-;,"  Van*,  1900,  p.  204. 
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is  effected  by  means  of  a  clockwork  arrangement  actuated  by  a  weight, 
Dciiich  turns  the  vertical  rod;  and  a  flashing  light  is  thus  exhibited, 
which  gives  a  distinguishing  character  to  the  light-ship. 

Lighi-givixig  Buoys. — Buoys  furnish  a  convenient  means  of 
marking  minor  shoals,  and  the  limits  on  each  side  of  the  navigable 
channel  in  estuaries  and  shi|>-canals ;  and  by  suppl3ring  them  ^ith  a 
lamp  fed  with  compressed  oil  gas  from  a  reservoir  inside  the  buoy,  they 
effect  their  object  by  night  as  well  as  by  day.  Thus  the  na\igable 
channel  along  the  Suez  Canal  is  indicated  by  pairs  of  light-giving  buoys 
moored  at  intervals  of  820  feet ;  and  the  channel  through  the  estuar) 
of  the  Seine  is  similarly  marked  at  intervals  of  about  4900  feet.  The 
type  of  buoy  adopted  in  the  Seine  estuary  is  shown  in  Fig.  326,  having 
the  shape  of  a  boat,  which  is  a  convenient  form  in  a  channel  with  a 
current  running  alternately  up  and  down ;  and  the  light  is  exhibited  on 
the  top  of  a  short  mast,  with  its  reservoir  of  oil  gas  placed  inside  the  boat. 

\\iiere  a  buoy  has  to  be  moored  to  mark  a  shoal  out  at  sea,  it  is 
important  to  raise  its  light,  and  to  give  it  a  stable  form,  so  that  it  may 

UQHT<2IVINQ  BUOVa 
Fig.  326.- Boat  Buoy.  FIc.  327. 


SCALE      300 


be  seen  some  distance  off,  may  not  be  obscured  by  spray,  and  may 
remain  fairly  vertical  when  exposed  to  high  waves.  A  type  of  large 
buoy  which  fulfils  the  above  conditions  is  shown  in  Fig.  327,  its  stability 
being  secured  by  a  long,  weighted  tube  dipping  down  below  the  plate- 
iron  body  of  the  buoy,  which,  in  the  largest  of  these  buoys,  extends  to 
depths  of  from  23  to  29  feet;  whilst  the  light  is  exhibited  at  heights  of 
from  18  to  26^  feet  above  the  water-level,  and  is  supphed  with  com- 
pressed oil  gas  from  a  reservoir  with  a  capacity  ranging  from  512  up  to 
635  cubic  feet.  The  light  exhibited  from  the  largest  of  these  buoys  has 
a  power  of  237  candles.  Smaller  buoys  of  the  same  type  often  satisfy 
the  local  conditions ;  whilst  the  largest  buoys  can  be  moored  in  deep 
water,  and  have  advantageously  replaced  light-ships  in  some  instances, 
owing  to  their  being  able  to  withstand  a  rougher  surf  without  breaking 
from  their  moorings,  and  as,  by  increasing  their  number,  an  extensile 
shoal  can  be  more  thoroughly  indicated. 
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LAND   RECLAMATION  ;  AND   COAST  PROTECTION. 

Accretion  in  estuaries  and  bays,  and  erosion  of  seacoasts — Iiand  Beolama- 
tion :  advantages — Reclamation  from  estuaries,  facilitated  by  fixing 
channel,  accretion,  enclosed  by  embankments,  instances,  conditions 
requisite  —  Reclamation  of  land  adjoining  seacoast,  by  protected 
emoankments,  examples,  conditions  affecting  enclosure ;  closing  em- 
bankments, methods  adopted — Drainage  of  reclaimed  lands,  arrange- 
ments for  draining  by  gravitation,  pumping,  instances  in  Holland  — 
Coast  Protection  :  by  groynes,  and  sea  walls — Groynes,  littoral  drift, 
causes  of  sea  encroachment ;  slanting  groynes  on  south  coast  of  England, 
description  of  groynes  at  Blankenberghe,  denudation  of  beach  leeward 
of  Dungeness,  and  raising  it  by  groynes,  best  arrangement  for  groynes 
— Sea  walls,  protected  sea  bank,  examples  at  Ostend ;  forms  of  upright 
sea  walls,  relative  merits  and  disadvantages,  best  forms,  protection 
required  at  base. 

Changes  are  continually  occurring  along  seacoasts  :  in  some  places  the 
sea  is  gradually  receding,  especially  in  sheltered  bays  and  estuaries, 
owing  to  the  accumulation  of  deposit  resulting  from  littoral  drift,  or 
from  the  settlement  of  sediment  brought  into  estuaries  by  the  flood  tide 
aided  by  wave-action,  or  carried  down  by  the  rivers  themselves ;  whilst 
in  other  parts,  the  coasts  are  being  eroded  by  the  sea  during  storms, 
this  action  being  assisted  by  the  disintegrating  influences  of  rain  and 
frost  on  cliffs  composed  of  soft  strata.  These  changes  have  led  to 
the  execution  of  two  fairly  distinct  classes  of  work :  in  the  one  case, 
endeavours  are  made  to  accelerate  the  natural  process  of  accretion,  and 
as  soon  as  the  land  is  sufficiently  raised,  it  is  permanently  reclaimed 
from  the  sea  by  enclosing  it  within  embankments;  and  in  the  other 
case,  protective  works  are  undertaken  to  arrest  the  ravages  of  the 
encroaching  sea. 

Land  Reclamation. 

Works  for  reclaiming  land  from  the  sea  have  been  carried  out  from 
very  early  times,  since  the  gain  to  be  derived  from  the  cultivation  of 
fresh  alluvial  land,  generally  of  a  very  fertile  nature,  was  obvious 
enough,  and  as  land  which  has  been  raised  nearly  to  high-water  level 
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Wasb  is  followed  up  by  reclamation  banks,-  is  illustrateil  h\  V,^. 
\s  the  Ugbt,  fertilizing  alluvium  only  deposits  in  shallow  watt-  a: 
.  ^'  bevond  the  influence  of  tidal  currents,  tbc  cmlusuR-  >\:o\\V\ 
'tt'Cied  till  the  foreshore  Iws  become  surticicnily  raisrd  for  ti'.i>  il. 
*  ^'-"^  taken  place,  which  raised  level,  moreover,  enables  tin-  ivr!aiv.. 
I'^^^^^ccompUsl^ed  with  low  embankments,  renders  the  eloiiu  ■>• 
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banks  comparatively  easy,  and  ensures  a  more  efficient  drainage  of  the 
reclaimed  land  Whilst  the  enclosing  is  in  progress,  the  increoseti 
shelter  favours  the  deposit  of  allu\-ium,  except  near  the  outlet ;  and 
sometimes,  after  the  final  enclosure  of  the  land,  a  rapid  deposit  of  warj. 
can  be  effected  by  admitting  the  turbid  water  through  sluices  in  the  bank 

RECLAMATION   EMBANKMENTS  IN   E8TUARIE8. 

.  32a~Bank  in  Tees  Ftg.  329.-Bank  at  back  of  Trammg  Wall. 

Estuary.  OutlcU  of  Fen  Rivers  in  the  Wash. 
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near   high  tide,  and  retaining  it  till  the  whole  of  the   silt  ha^  been 
deposited,  after  which  the  clear  water  is  let  out  slowly  towards  low  tide 

Reclamation  of  Land  adjoining  the  Seacoast. — Marsh  lands 
adjoining  the  seacoast,  and  more  or  le>s  subject  to  inundation  at  hi^h 
tides,  can  be  permanently  reclaimed  by  embankments;  but  the  bank 
facing  the  sea,  unless  protected  to  ^ome  extent  by  sand-dunes  or  a 
shingle  beach,  mu>t  be  ma^ie  much  stronger,  be  given  a  liatter  ani.i 
better  protected  >loix:.  and  rai-cd  higher  above  the  highest  tides,  thai: 
the  sheltered  reclamation  bank-,  in  an  es>iuar\-.  The  width  of  the  "hank 
at  the  base  will  generally  -ecure  ii  from  th'_-  jxrrcolation  of  water  under- 
neath ;  but  where  suitable  \i\\\kt\\o:.<  riiil*.-rial  ran  not  ije  obtained  fur 
forming  the  bank,  it  m:iy  be  nec».->sary,  in  addition  to  the  prote<.li\v 
facing  on  the  sea  ^loixr.  to  intro  -■-'.-  ii  c.-riirai  <:ore  of  puddled  clay,  '^r 
a  row  of  sheet-piling.  :o  irvver::  i:if.]tra::on  :  wiiilsi  a  linv  of  shee:-;  ilin^ 
along  the  outer  toe  of  i:j'j  bank  in  an  exj/»ed  Mte.  pre><:r\e<  ::k-  :  a:ik 
from  being  undermined  by  tr;-  r-'-oil  of  the  wave>  on  the  beac::i  .»i  ;> 
base.  The  embankment  u.\x<  b*:  rjiiseo  \.:;l:\  enou;;h  to  i-c  se<.'jr'.-  rr.-ir 
being  overtopjx.-d  by  the  "Aave^  *\'iz\:iz  trie  •^evere'?*  or. shore  ^aic* 
coinciding  with  spring  :!<■'_--■  ^'^^  ^-*-  wave-  in  Ja^»^:nJ  ov-.-r  ::.e  :■»:■. 
would  erode  the  inner  *]o;a:.  a:;*:  ioon  forn*  a  \jTi:;i<:\\  in  the  'Mj^k.  a-  •..  • 
would  rapidly  be  enlarged  :/.  ti.e  rL.^:;::;;/  :n  ar.c  o-t  o!  :r.c  ::«iv. 

Romnev  Marsh  w:i-  re^lainie^  ior.::  a::o  bv  the  Dvnirr.-^r' h  Uj  ;  • 
(Fig.  330,  p.  502;:  and  a  VjiJ^*:  ]yjT\.<jii  of  Hoiland  ;.:.-  i.L'.n  re  .j^'r.r.:. 
from  the  -sea  by  emba:;krjic:it' -  <!-:;:.  33 j.  ]j.  512;.  Sjch  :r\  •.-::.':. .vik- 
ment  should  not  jicneraii;.  0-  j^ia'  -.*.  f,r::.':r  *i'j\\:\  on  ::ic  !-.-re> :.■■:•.  ::  a:: 
half-tide  level,  a»  the  </*-:'.  o:  ::.e  '.'^;.-:rjr::o:i  arji  :nai:;:'::-.:;r".C'.  ■  r  '.''k 
bank  would  be  increah-.*:  .-:'.•.  mu*.  o:  ;,roj/ortiori  :o  ::.e  acc:::o:"-..'  'c. 
of  land  gained  ;  jlvA  t: .e  ; /:  .»;>»•. r  ■: ! :•.-  for  \\ k s-.-  : •: ^. ! a m a: : o:: i  i -  .^  *  t. ' c 
accretion  i  s  tak  ing  \n  a '.  ■: .  ^ :.  o  : : .  •;  -  '.-a .  r  o :  1  >•:  ■  ^  -  •.  n  t  ■  y .  l'  ra  c  u  a '.  i  y  r  •:■<.  •. .  ■  vj  j 

'   TransactivHs  cj  the  .'>.cn:.\  :j  J-.niiuftr:^  \i.  \ .  i.  \%\',,\.  146.  :  '.d  ;.■:.■•  ::,  *  .    j 
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502  RECLAMATION  BANKS  ALONG  SEACOAST:  BREACHES. 

The  cost  of  reclaiming  land  depends  upon  the  length  of  embankment 
required ;  and,  consequently,  it  is  more  economical  to  reclaim  a  large 
area  at  a  time,  instead  of  enclosing  it  gradually  in  sections.  On  the 
other  hand,  however,  it  is  more  difficult  to  close  an  embankment 
reclaiming  a  large  area,  on  account  of  the  large  volume  of  tidal  water 
flowing  in  and  out  of  the  contracted  opening.  The  closing  of  a 
reclamation  embankment  is  best  effected  by  gradually  raising  a  fairly 
long  length  of  bank  across  the  final  opening,  and  either  leaving  llw 
enclosure  full  of  water  to  the  height  of  the  unfinished  bank,  as  in 
closing  an  embankment  for  a  dock,  or  letting  it  ^ut  through  sluices  in 
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Rff.  330.— Dymchurch  Sea  Wall. 
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the  finished  bank,  and  admitting  it  again  in  the  same  way  on  the  return 
of  the  tide.  The  embankments  in  Holland  are  closed  by  sinking  long 
fascine  mattresses  across  the  opening,  and  up  the  side  slopes  at  the  ends 
of  the  finished  banks,  which  are  weighted  with  clay  and  stones,  and  ver)' 
effectually  withstand  the  scour  through  the  gap.  The  closing  of  a  breach 
through  a  reclamation  embankment  is  more  difficult  than  that  of  the  gap 
in  completing  the  work,  on  account  of  the  depth  to  which  the  scour  of 
the  current  extends  on  the  first  opening  of  the  narrow  breach ;  and  the 
Dutch  generally,  on  the  occurrence  of  a  breach  which  cannot  be  closed 
in  a  single  tide,  enlarge  the  aperture  to  prevent  the  formation  of  a  de^ 
gulley  at  the  bottom  of  the  breach,  which  is  difficult  to  close  again. 
Owing  to  the  deep  channel  thus  eroded  in  a  breach  across  the  line  of 
the  embankment,  the  original  line  has  sometimes  been  abandoned  in 
repairing  a  breach,  and  a  longer  embankment  formed  on  the  land  side 
of  the  breach,  curving  round  and  joining  the  portions  of  the  original 
embankment,  on  each  side  of  the  breach,  a  short  distance  from  their 
ends.  By  this  arrangement,  the  new  connecting  bank  is  formed  on  solid 
ground,  and  affords  a  considerably  wider  opening  than  across  the  breach, 
for  the  influx  and  efflux  of  the  tide  over  the  bank  as  it  is  gradually  raised. 
Gaps  or  breaches  in  embankments  have  also  been  closed  with  the  aid  of 
rows  of  planks  fastened  at  the  back  of  piles;  by  sliding  panels  down 
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grooves  between  piles  driven  at  intervals  across  the  opening;  or  by 
sinking  barges  across  the  base  of  the  gap,  on  the  top  of  which  the  bank 
is  raised;  whilst  bags  filled  with  sand  or  clay  serve  to  protect  the 
embankment  against  the  scour  of  the  current  in  the  process  of  raising. 

The  gradual  drying  of  reclaimed  land  causes  the  surface  of  the  land 
to  settle  down  some  two  or  three  feet,  so  that  if  a  breach  occurs  some 
years  after  the  completion  of  the  reclamation,  the  land  is  more  exposed 
to  inundation  than  when  it  was  reclaimed.  Accordingly,  it  is  very 
important  to  prevent  the  occurrence  of  breaches  by  promptly  repairing 
any  damage  to  sea  banks  produced  by  storms ;  and  in  the  event  of  a 
breach  being  formed,  it  should  be  closed  at  the  earliest  possible 
opportunity,  as  the  breach  is  liable  to  be  rapidly  enlarged  and  deei)ened, 
and  the  land  is  damaged,  by  the  rapid  influx  and  efflux  of  the  tide. 

Drainage  of  Reclaimed  Lands. — Special  attention  has  to  be 
devoted  to  the  drainage  of  the  low-lying  reclaimed  lands,  to  prevent 
these  lands,  after  being  relieved  from  inundation  by  the  sea,  from  being 
flooded  by  land  waters.  \Vhere  higher  ground  adjoins  these  lands, 
catch-water  drains  formed  at  a  higher  elevation,  and  utilizing  the  good 
fall  of  the  upper  ground,  intercept  the  rainfall  of  the  higher  lands,  and 
prevent  it  from  flowing  straight  down  the  slopes  on  to  the  low-lying 
reclamations.  Straight  drains  are  also  formed  through  the  reclaimed 
lands,  to  convey  the  rain  falling  on  these  lands,  together  with  any  flow 
from  springs,  and  discharge  these  waters  near  low  tide  into  the  river 
draining  the  basin,  or  direct  into  the  sea.  The  drains  have  to  be  given 
a  sufficient  capacity  to  store  up  the  water  flowing  into  them,  till  the  tide 
outside  has  fallen  sufficiently  for  it  to  be  discharged.  The  flood  tide, 
moreover,  must  be  prevented  from  flowing  in  through  the  outlets  of  these 
drains,  either  by  vertical  sluice-gates  for  closing  the  sluiceways  as  soon 
as  the  tide  has  risen  to  the  level  of  the  water  in  the  drains  ;  or  bv  self- 
acting  gates  pointing  outwards,  which  close  across  the  channel  directly 
the  water-level  on  the  sea  side  becomes  the  highest,  as  adopted  for  the 
outlet  sluices  across  the  Fen  rivers  ;  or  by  placing  a  hinged  tidal  flaj) 
against  the  outlet,  which  is  shut  by  the  rising  tide. 

Where  the  land  is  so  low  that  the  drainage  cannot  be  eft'ected  by 
gravitation,  or  the  available  fall  at  low  water  is  so  slight  that  the 
discharge  of  the  land  waters  can  be  only  partially  ac(^)ni[)lished  during 
the  short  period  that  the  tide  is  low  enough,  the  water  has  t(;  be  raised 
by  pum|)s,  and  discharged  over  the  bank  into  a  channel  formed  at  a 
higher  level  to  provide  an  ade([uate  fall,  or  direct  into  the  sea  or  adjacent 
estuary.  This  system  has  been  largely  resorted  to  in  Holland,  where  thr 
extensive  tracts  of  reclaimed  land,  known  as  polders,  are  in  the  lowest 
places  as  much  as  16  to  19  feet  below  ordinary  high-water  level  in  the 
Zuider  Zee;  and  the  low  polders  have  to  be  wholly  drained  by  pumps, 
formerly  worked  by  windmills,  but  now  for  tlie  most  i)art  by  steam. 
The  Ixmds  reclaimed  from  Lake  V,  in  the  construction  of  the  Amsterdam 
Canal,  by  embankments  bordering  the  canal  on  each  siilu  through  the 
lake,  are  drained  by  steam  pumps  discharging  the  water  straight  into  the 
canal,  or  into  branch  canals  jtjining  the  shii^canal ;  and  this  drainage 
water  is  discharged  from  the  canal,  partly  by  gravitation  at  low  tide 
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through  sluices  adjoining  the  North  Sea  and  Zuider  Zee  locks,  and  partlv 
l»y  CL-ntrifugal  j)umps  which  raise  the  water  from  the  canal  over  the 
embankment  at  the  eastern  end,  and  discharge  it  into  the  Zuider  Zee 
(Fig.  261,  p.  408).  The  inland  lake  known  as  Haarlem  Meer,  akiut 
44,100  acres  in  area,  which  was  formerly  in  communication  with  the 
Zuidt-r  Zee  through  Lake  V,  and  occasionally  inundated  the  adjacent  ' 
low  lanils,  was  reclaimed  in  the  middle  of  the  nineteenth  centun'  h) 
enclosing  it  l»y  an  embankment,  with  an  encircling  canal  formed  at  J 
high  enough  level  to  drain  into  Lake  Y,  and  pumping  out  the  waai 
from  the  lake :  and  the  drainage  waters  of  this  reclamation  are  liftai 
by  iK.>werful  steam  pum})s  into  this  canal,  from  which  it  now  flows  throuLih 
a  branc^h  cnnal  into  the  Amsterdam  Canal. 

Coast  Protection. 

NMicre  the  sea  is  tending  to  encroach  on  the  land,  and  espcciailv 
where  important  seaside  towns  have  been  established  near  the  shore,  i: 
becomes  necessar>-  to  arrest  the  inroads  of  the  waves.  The  protcciio". 
afforded  to  the  coast  is  of  two  kinds,  namely,  groynes,  which  projec:iiu 
from  the  coastline  down  the  beach,  though  to  some  extent  break ini;  the 
waves,  are  mainly  designed  to  collect  and  heap  up  the  drift  on  the  beach ; 
and  sea  walls  or  pitched  slopes,  which,  in  forming  a  high-water  barrier  :•> 
the  sea,  prevent  the  erosion  of  the  coastline  and  cliffs,  and  at  the  sank 
time  are  often  built  out  sufficiently  on  the  beach  to  form  behind  them  .1 
promenade  or  drive  alongside  the  sea. 

Groynes. — Along  most  coasts,  there  is  a  littoral  drift  of  sand  0: 
shingle  following  the  direction  of  the  strongest  prevailing  winds  in  the 
locality,  owing  to  the  action  of  the  waves  on  the  beach  and  foresiiorc. 
I'nder  normal  conditions  along  a  straight  coast,  the  beach,  ihoiii:ii 
constantly  changing  as  regards  the  actual  materials  of  which  ii  ^ 
romposed,  retains  its  general  form,  since  the  materials  remo>ed  1  y 
littoral  drift  are  replaced  by  fresh  materials  from  the  same  caiiN.. 
When,  however,  a  jH)rtion  of  the  coast  is  specially  exposed  to  tht-  ru: 
of  waves,  or  to  the  current  from  a  river,  or  is  deprived  of  its  due  renewal 
of  drift  from  windward  by  a  natural  or  artificial  projection  in  that  qiianc 
arresting  its  travel,  more  material  is  removed  from  the  beach  than  i> 
brought  to  it,  and  the  sea  consequently  gains  on  the  land. 

The  south  coast  of  England,  between  Bognor  and  Brighton,  is  e\ix)>tAl 
to  the  south-west  gales  from  the  Atlantic,  nearly  in  the  direction  followcvl 
l)y  the  coastline;  and,  consequently,  the  sea  has  eroded  the  short. 
i  iToynes  of  timberwork,  however,  were  carried  out  some  years  ago  acr(>s> 
the  beach  between  lancing  and  Shoreham  (Fig.  332),  about  270  to  50c 
feet  long,  and  400  to  500  feet  apart,  which,  imi>eding  the  travel  of  the 
drift  towards  the  east,  have  raised  the  shingly  beach  sufficiently  10 
proiluce  an  advance  of  the  high-water  mark  85  feet  seawards.*  Groyno 
are  generally  placed  at  right  angles  to  the  line  of  coast;  but  in  this  case 
the  groynes  have  been  given  an  easterly  slant,  so  as  to  sloix^  somewha: 

*  »yi/i7'ii'i>/x'  IfistitmtioH^  TransactioHSf  vol.  xxii.  p.  346. 
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more  away  from  the  run  of  the  waves  under  the  influence  of  the  prevalent 
south-westerly  winds,  which,  owing  to  the  great  predominance  of  the 
exposure  from  this  quarter,  has  favoured  the  conveyance  of  some  of  the 
drift  over  the  groynes  to  the  leeward  side,  and  sheltered  it  in  that  position 
close  under  the  groynes,  so  that  the  accumulation  of  drift  on  the  wind- 
ward side  of  the  groynes,  and  its  scarcity  on  the  leeward  side,  are  not  so 
marked  as  is  usual,  under  such  conditions,  with  groynes  at  right  angles  to 
the  coast. 

GROYNES. 
Fis.  332.~8outh  Coast  of  England  at  Lancing. 
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Owing  to  the  eroding  action  of  the  outflowing  current  from  the 
River  Scheldt,  deep  water  approaches  the  coast  in  front  of  Blanken- 
berghe,  and  the  sea  slope  is  steep ;  and,  consequently,  the  waves  in 
storms  tend  to  encroach  upon  the  shore  at  this  part.  This  encroach- 
ment has  been  arrested  by  carrying  out  groynes  at  right  angles  to  the 
coastline,  down  to  beyond  low  water,  about  820  feet  long  and  680  feet 
apart  on  the  average  (Fig.  333),  which  have  caused  the  sand,  drifting  on 
this  coast  in  both  directions  according  to  the  wind,  to  accumulate  on 
the  beach,  and  checked  the  erosive  currents,  so  that  a  gently-sloping 
beach  has  been  formed,  which  reduces  the  wave-action  on  the  shore, 
and  has  replenished  the  loss  of  beach  occasioned  by  waves  during 
storms.*     The  groynes,  in  fact,  in  the  present  and  preceding  instances, 

«  «»VII''»*.   Congres   International    dc   Navigation,  Bruxelles,    1898,  Guide-Pro- 
gramme," p.  289,  and  plate  20,  figs,  i  to  6,  and  pla.e  21. 
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It  IS  evulent  that  the  efticiency  o\  ^rvvix-.-  ::\  cA\l\vi\j:  o: 
•A»:fa>natv*  to  the  distance  to  which  thev  iv.ii  it-  «arrievl  .-ut 
..-.•.  :'ut  they  should  always  be  e.xtended  to  low  water  mark  : 
.'  >.-  c  :Iu'ni  onlv  sliiihtlv  above  the  beach,  the  actiimiilaiion 
.    ....  kA,  i^in^to  the  ease  with  which  the  driu  is  carrieil 
.  .    .N  ;...  ivi  llie  further  side  of  the  groyne.  an<l  the  «.roNi\c 
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^  «   •/  ..,M:v.;nes  the  preix)nderaling  travel  ot  the  d 
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groynes  collect  the  drift  from  both  directions,  the  cutting  off  of 
\  drift  by  a  natural  or  artificial  projection  from  the  coast,  in  the 
of  groynes,  produces  a  denudation  of  the  beach  on  the  leeward 

uie. 

80M  Walls. — Uliere  the  coast  is  somewhat  sheltered  by  outlying 

andbanks,  and  the  beach  protected  from  erosion  by  a  regular  series  of 


SEA   BANKS 


groynes,  as  at  Oslend,  a  simple  sIojk^  with  a  ma\iinuni  iiiclinalioii  of  j 
to  I,  paved  with  brickwork  or  masonry  laid  on  a  bed  of  ilay,  nibMi',  or 
concrete,  suffices  to  protect  the  face  of  the  sand-dunes,  or  ;in  embank- 
ment for  a  promenade  in  front  of  thL-ni  '  (Figs.  ,^35  and  336).  Along 
the  parts  where  this  sea  bank  has  been  carried  out  beyond  high-watet 
mark,  to  gain  a  strip  of  lantl  from  Che  sea  for  an  esjilanade,  the  Cue  of 
the  slope  has  to  be  protected  from  undermining  by  the  recoiling  wave-., 
which  has  been  effected  with  piles  and  planks,  and  an  a|)ron  of  pitchin;; 
kid  on  fascines,  or  of  concrete,  extending  down  the  foreshore  in  front  of 
the  slope  (Fig.  335).     ^Miere,  howeier,  the  jiaved  slope  mcR-ly  lias  to 

1  ><VII«    CongKS    Inti-iiialional   i!c    N'avijiali.ni,    Btux.ik-..    1B98,  Gui.li-Fru- 
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proieci  the  slope  at  the  foot  of  the  dunes,  above  high-Vater  mark,  (rom 
waves  in  exceptionally  severe  onshore  gales,  a  short  slope  with  a 
moderate  protection  at  its  toe  is  sufficient  to  secure  the  promenade  at 
the  back  (Fig.  336).  The  top  of  these  slopes  Ls  ended  off  with  a 
cur\-ing>back  face,  to  throw  off  the  surf  rushing  up  the  slope  in  stonns, 
away  from  the  esplanade. 

I'pright  sea  walls  with  some  batter  on  the  face  have  been  con- 
structed in  front  of  several  seaside  towns,  with  the  object  of  fomuni:  a 
promenade  or  drive,  and  at  the  same  time  protecting  the  foot  of  a 
cliff  at  the  back,  or  the  slope  of  the  shore,  from  erosion  by  waves 
during  storms.  The  concrete  sea  walls  erected  in  front  of  Hove,^ 
Margate,-  and  the  North  Cliff  at  Scarborough  ^  (Figs.  337,  33S,  and 
339.  \\>  507 ),  exhibit  straight,  stepped,  and  cur\ed  forms  of  batter,  hanng 
sonir  importance  from  their  affecting  the  erosion  at  the  toe  of  these 
walls,  which  in  the  absence  of  the  protection  of  a  beach  collected  by 
grv^>  ncs  in  front,  or  an  apron,  might  occasion  the  destruction  of  the  wall. 
A  \er\-  sloping,  and  also  a  curved  batter  facilitates  the  rising  of  a  wave 
up  the  face  of  the  wall,  and  consequently  the  force  of  its  recoil ;  and 
therefore  the  advantages  afforded  by  such  forms,  of  reducing  the  stroke 
of  the  wave  against  the  wall,  and  directing  the  blow  of  the  wave  on  the 
foreshore  at  its  foot  away  from  the  vertical,  are  practically  neutralized 
by  the  increase  in  the  recoil.  A  wall  with  a  vertical  face  offers  most 
direct  op|)osition  to  a  wave,  but  is  the  least  favourable  form  for  the  wa^*e 
to  rise  up  against  it,  and  therefore  minimizes  the  recoil;  whilst  the 
>iepi>ed  flice  tends  to  break  up  both  the  ascending  and  recoiling  wave, 
in  proiHjnion  to  the  recession  of  the  steps ;  though,  on  the  other  hand, 
the  greater  the  projection  of  the  blocks,  the  greater  is  their  liability  to 
ilisulacement  by  the  action  of  the  waves.  The  curved  form  of  the 
Siarborough  sea  wall,  though  diverting  the  recoil  at  the  base  to  a 
iiireciion  approaching  the  horizontal,  did  not  prevent  the  erosion  of  ihc 
shale  bed  on  which  the  wall  is  founded;  and  an  apron  had  to  bt 
subsequently  added  in  front  of  the  toe,  to  secure  the  wall  from  injun. 
The  wall  in  this  instance,  besides  pro\iding  a  marine  drive,  and  pre- 
vtniing  the  further  encroachment  of  the  sea  on  the  base  of  the  cliti. 
serves  also,  with  the  filling  at  the  back,  as  a  buttress  to  the  undercliif. 
and  assists,  in  conjunction  with  other  special  works,  in  rendering  the 
clin  less  subject  to  slips. 

Walls  with  almost  a  vertical  face,  or  formed  in  steps,  apj^ar  to  be 
the  best  forms  for  sea  walls  :  and  owing  to  the  erosion  at  the  foot, 
which  is  necessarily  produced  by  waves  on  encountering  such  an 
obstacle,  unless  the  foreshore  consists  of  hard  rock,  the  beach  in  front  ot 
ilie  wall  should  be  protected  by  an  apron,  or  the  beach  made  up  sui^- 
cienily  by  means  of  groynes  to  compensate  for  erosion  during  stomis. 
and  thus  prevent  the  undermining  of  the  wall,  which  would  eventually 
result  in  its  destmction. 

*  PtWi-^iin^s  o/tki-  AssodiitioN  x^f  Municipal  Engineers^  vol.  x.  p.  146. 

•  A  section  of  the  Margate  sea  wall  was  supplied  me  by  Mr.  A.  I^tham. 
"*  Procttdings  Inst.  C.E.,  vol.  cv.  plate  8,  fig.  2. 
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CHAPTER   XXXII. 

SOURCES  AND  STORAGE  OF  WATER-SUPPLY. 

nportance  of  water-supply,  derived  from  rain — Sources  of  Water-Supply : 
Tanks  for  collecting  rain-water,  in  tropical  countries,  in  temperate  regions, 
merits,  disadvantages — Springs,  origin,  occasionally  intermittent,  value, 
salts  in  solution,  instances — Wells,  shallow  and  deep,  tap  underground 
flow,  caution  needed  with  shallow  wells,  advantages  of  deep  wells,  sunk 
to  water-bearing  strata,  instances,  adits,  limits  to  supply,  artesian  wells, 
salts  in  well  water — ^Water-supplies  from  Rivers  and  Streams,  advantages, 
objections,  mountain  streams,  examples  of  supplies  to  cities  from  rivers, 
salts  in  solution — Lakes  for  water-supply — Storage  of  Water-Supply : 
in  lakes  by  raising  level,  facilities  for  storage,  amount  dependent  on 
drainage-area  and  available  rainfall,  examples  of  Loch  Katrine  and 
Thirlmere — Impounding  Reservoirs  for  storage,  formed  by  dam  across 
river  valle>',  preliminary  investigations,  amount  of  storage  to  be  pro- 
vided, compensation  water — Reservoir  Dams,  earthen  and  masonry 
dams,  conditions  affecting  choice  ;  reservoirs  in  steps,  examples  in 
Longdendale,  Fiu-ens,  and  Elan  and  Claerwen  valleys ;  earthen  dams, 
form,  puddle  wall,  construction,  precautions,  central  masonry  wall  in 
Croton  embankment,  selected  material  in  Indian  dams ;  masonrv- 
dams,  pressures,  lines  of  resultant  pressures  with  reservoir  empty  and 
full,  distribution  of  pressures,  form,  varied  by  maximum  pressure  allowed 
on  masonry,  height  dependent  on  level  of  rock  below  surface ;  bye- 
channel  and  waste  weir,  for  discharge  of  floods,  construction,  waste 
weir  in  masonry  dams,  examples — Outlets  from  reservoirs,  objections  to 
culvert  under  embankment,  culvert  at  side  of  valley,  instances  through 
masonry  dam,  and  also  beyond  dam. 

N  adequate  supply  of  pure  water  is  essential  to  the  healthiness  and 
ell-being  of  every  community ;  and  it  is  more  particularly  of  vital 
apoitance  in  the  case  of  the  dense  population  crowded  together,  within 
restricted  area,  in  large  cities.  All  water  collected  on  land  is  derived 
I  the  first  instance  from  rain,  due  to  evaporation  by  the  sun's  heat  of 
ater  and  moisture  from  the  sea  and  land,  forming  clouds  which  restore 
le  water  to  the  earth  as  rain.  The  water,  accordingly,  descending  as 
tin,  being  distilled  by  the  sun,  is  in  its  purest  form ;  but  rain-water, 
esides  being  insipid  to  the  taste  when  unaerated,  would  be  trouble- 
>me,  in  most  cases,  to  collect  directly  in  sufficient  quantities  for  a  large 
ipply ;  and  therefore  sources  are  generally  sought  where  the  naturally 
ollected  rainfall  yields  a  more  abundant  supply  of  water. 
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Sources  of  Water-Supply. 

In  addition  to  the  collection  of  rain-water  as  it  falls,  water  may  be 
readily  obtained  in  considerable  quantities  from  streams  and  rivers  fed 
by  the  rainfall  flowing  off  the  basins  which  they  drain,  or  from  springs 
which  constitute  the  outlet  of  rain  which  has  percolated  from  the  surface 
through  permeable  strata;  and  it  can  also  be  raised  from  wells  sunk 
down  so  as  to  tap  underground  supplies  contained  in  water-bearing 
strata  resting  on  impermeable  beds.  The  volume  of  water  which  can 
be  derived  from  such  sources,  depends  upon  the  available  rain&ll 
of  the  district,  or  the  actual  rainfall  less  losses  from  evaporation, 
absorption,  and  percolation,  and  the  area  from  which  the  source  draws 
its  supply. 

Tanks  for  collecting  Rain-water. — In  tropical  countries,  where 
the  rainfall  is  practically  confined  to  a  certain  period  of  the  year,  and  is 
generally  considerable  in  volume  during  that  period,  it  is  very  commonly 
collected,  during  the  rainy  season,  in  large  tanks,  excavated  to  some 
depth  in  the  ground,  to  provide  a  supply  of  water  for  the  rest  of  the 
year.  These  storage  tanks  are  an  absolute  necessity  at  a  distance 
from  rivers,  and  where  an  underground  supply  of  water  from  wells  is 
either  not  available,  or  cannot  be  depended  upon.  In  towns,  however, 
these  open  tanks  are  very  liable  to  pollution ;  and  a  considerable 
loss  of  water  from  evaporation  during  the  dry  season  has  to  be 
allowed  for. 

In  temixirate  regions  also,  the  rain  flowing  off*  the  roofs  of  houses 
and  sheds  in  rural  districts,  can  be  collected  with  advantage  in  under- 
ground brick  or  concrete  tanks,  arched  over  at  the  top,  and  rendered 
watertight  with  an  inside  lining  of  cement,  where  other  sources  of  supply 
are  deficient  or  unsatisfactory.  A  considerable  quantity  of  water  can 
be  stored  up  in  this  way,  for  almost  all  the  rain  falling  on  the  area 
occupied  by  the  buildings  can  be  led  into  the  tanks  by  the  gutters  and 
I)ipes,  owing  to  the  steep  slope  and  impenneability  of  the  roofs ;  whilst 
loss  from  evaporation  is  also  to  a  great  extent  prevented  by  the  roofing 
over  of  the  tanks.  Dead  leaves  and  other  debris  are  liable  to  be 
brought  into  the  tanks  by  the  rain-water,  and  necessitate  the  periodical 
cleaning  out  of  such  tanks  ;  but  even  if  the  water  from  this  source,  after 
filtration,  and  boiling  when  necessary,  has  not  to  be  relied  upon  for 
drinking  purposes,  it  aftbrds  a  ver>'  serviceable  supply  of  soft  water 
for  washing  and  other  objects.  In  large  towns,  however,  the  rain- 
water coming  off"  the  roofs  is  subject  to  contamination  by  soot,  dust, 
and  other  impurities,  and  therefore  ceases  to  be  a  suitable  source  of 
supply. 

Springs. — A  very  valuable  source  of  water  for  villages,  or  other 
small,  or  supplemental  supplies,  is  provided  by  springs  issuing  out  of 
the  ground.  Springs  are  derived  from  rain  which,  falling  on  a  permeable 
stratum,  or  flowing  off  an  impermeable  stratum  at  a  higher  level,  perco- 
lates through  the  permeable  stratum  till  it  encoimters  an  impermeable 


FLOIV  OF  SPRINGS:  SALTS  LV  SPRING    WATER.     513 

bed,  over  which  it  flows  to  the  lower  outcrop  of  these  strata,  where  it 
issues  at  the  lowest  point  of  the  permeable  stratum,  on  the  top  of  the 
impervious  bed,  as  a  spring.  The  volume  of  water  discharged  by  the 
spring  depends  upon  the  rainfall,  and  the  surface  area  drained  by 
the  spring.  WTiere  the  plane  of  separation  of  the  two  strata  dips,  at 
some  underground  part,  below  the  lowest  level  of  the  dividing  line  at  the 
outcrop,  sufficiently  for  the  level  of  saturation  to  fall  occasionally  in  dry 
weather  below  the  outlet  of  the  spring,  the  water  ceases  to  flow,  and  the 
spring  is  intermittent,  only  commencing  its  discharge  again  when  the 
rain  has  raised  the  plane  of  saturation  once  more  above  the  outlet. 
Such  a  spring  usually  derives  its  supply  from  a  small  area  with  a 
moderate  rainfall,  and  is  unsuited  for  supplying  water,  unless  its  flow 
can  be  stored.  Most  springs,  however,  in  temperate  regions  have  a 
continuous  flow,  though  variable  in  quantity  according  to  the  rainfall 
and  the  season  of  the  year. 

Water  from  springs  is  very  clear  and  free  from  organic  impurities, 
having  been  filtered  by  the  strata  through  which  it  has  passed ;  and 
owing  to  its  passage  underground,  it  issues  with  a  very  uniform  tem- 
perature ;  and,  accordingly,  in  these  respects,  spring  water  is  very  suitable 
for  a  domestic  supply.  The  water,  however,  in  its  underground  flow, 
dissolves  any  soluble  gases  and  salts  contained  in  the  strata  through 
which  it  percolates ;  and,  consequently,  spring  water  often  contains  some 
inorganic  substances  in  solution,  depending  on  the  nature  of  the  strata 
it  has  traversed  and  the  duration  of  its  flow.  Some  spring  waters, 
indeed,  are  so  impregnated  with  mineral  salts,  such,  for  instance,  as 
salts  of  iron,  sodium,  and  sulphur,  as  found,  for  example,  at  Tunbridge 
Wells,  Homburg,  and  Harrogate,  that  they  are  only  suited  for  medirinal 
purposes ;  but  most  springs  are  either  very  fairly  pure,  as  those  on  the 
Malvern  Hills,  or  coming  for  instance  from  the  chalk,  contain  ciilciuni 
salts  which  are  quite  innocuous.  Though  springs  generally  yield  only 
a  moderate  quantity  of  water  with  a  varial)lc  flow,  some  towns  situatctl 
at  the  foot  of  hills,  on  whose  sloi)es  numerous  si)rings  flow  out, 
are  wholly  supplied  with  water  from  them  ;  and  London  has  now  for 
nearly  three  centuries  drawn  a  portion  of  its  water-su|)ply  from  the 
springs  in  the  chalk  at  Am  well  and  Chad  well  in  Hertfordshire,  by  the 
New  River  conduit,  40  miles  in  length,  constructed  early  in  the  seven- 
teenth century. 

Wells. — -The  wells  sunk  for  the  jmrpose  of  procuring  a  sui)ply  from 
the  underground  waters  contained  in  |>crnical)le  strata,  are  of  two  kinds, 
namely,  shallow  wells  sunk  nearly  to  the  bottom  of  a  superficial,  per- 
meable stratum,  and  deep  wells  sunk  through  an  upper,  impermeable 
strattim,  some  distance  down  into  an  underlyin^s  water-hcarinij, 
permeable  stratum.  In  each  case,  the  wt:lls  tap  the  undergrountl 
flow,  or  subterranean  reservoirs  of  water  derived  from  the  percolation 
of  rainfall,  which  find  a  natural  outlet  in  the  form  of  springs  at  tln^ 
outcrop  of  the  strata,  or,  near  the  seacoast,  through  the  clifts  direct 
into  the  sea,  or  sometimes  are  i)ermanently  retained  in  the  lower 
portions  of  the  permeable  stratum,  from  the  absence  of  any  outlet  at  a 
low  enough  level  to  drain  ofl'  the  waters  during  dry  weather. 

1  I 
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Shallow  wells  afford  access  to  the  rain-water  percolating  through  a 
permeable,  surface  stratum,  whose  downward  flow  is  arrested  by  an 
underlying,  impermeable  stratum,  such  as  the  sand  or  gravel  overlying 
the  London  Clay  in  the  Thames  basin.  Moderate  supplies  of  water 
are  readily  obtained  in  this  manner  at  a  small  cost ;  but  great  caution 
is  needed  to  avoid  contamination,  from  surface  impurities  bein?  carried 
down  to  the  well  through  the  shallow  stratum ;  and  the  establishment 
of  cesspools  in  the  neighbouxiiood  must  be  absolutely  prohibited,  as 
fatal  to  the  use  of  water  from  such  a  source.  Accordingly,  this  source 
of  supply  is  only  admissible  in  country  districts,  where  the  houses  are 
far  apart,  where  the  sur£Eice  is  not  exposed  to  pollution,  and  stringent 
regulations  are  enforced  as  regards  sewage  disposal. 

Deep  wells  are  not  open  to  the  same  objections  ;  for  the  upper,  im- 
per\ious  strata  shut  off,  for  the  most  part,  the  surface  impurities ;  and 
the  thickness  of  the  strata  which  have  to  be  traversed  before  the  water 
drawn  into  the  well  is  reached,  protects  the  water  to  a  great  extent  by 
filtration  from  organic  impurities.  These  wells,  when  very  deep,  are 
usually  constructed  by  sinking  an  ordinary  brick-lined  well  for  the  upper 
portion,  and  then  carrying  down  a  steel  tube  considerably  further  by 
boring  to  the  requisite  depth ;  but  in  many  instances,  wells  have  been 
bored  and  lined  with  tubes  throughout,  which  is  a  more  economical 
method  of  construction.  The  Chalk,  Oolite,  New  Red  Sandstone,  and 
Lower  Greensand  formations  are  the  strata  in  England  from  which 
supplies  by  sinking  deep  wells  can  be  most  readily  obtained.  Thus 
the  water  supplied  to  parts  of  London  by  the  Kent  Waterworks,  is 
obtained  by  pumping  from  deep  wells  in  the  chalk  underlying  the  London 
Clay  ;  and  the  supplies  for  Brighton  and  Southampton  are  wholly  derived 
from  the  same  source ;  whilst  Liverpool  was  formerly  supplied  with  water 
from  wells  in  the  New  Red  Sandstone. 

The  depth  at  which  water  is  found,  and  the  volume  that  can  be 
regularly  obtained  by  deep  wells,  vary  considerably  even  under  apparendy 
similar  conditions,  owing  to  local  differences  in  the  state  of  the  stratum, 
and  sometimes  to  the  existence  of  faults,  which  are  liable  to  arrest  rf« 
underground  flows.     Thus  the  flow  in  the  chalk  takes  place  mainly 
along  fissures,  which  a  well  may  not  happen  to  intersect ;  and,  accord- 
ingly, in  some  cases,  as  at  Brighton,  the  volume  of  water  is  increased  by 
driving  adits  branching  off  horizontally  from  the  bottom  of  the  well  to 
tap  fresh   fissures.     Moreover,  two   wells  have   sometimes  been  sunk 
near  together,  one  yielding  an  abundant  supply,  and  the  other  pro\Tng 
almost  dry,  on  account  of  a  barrier  caused  by  a  fault  intervening  betwetrn 
the  wells.    Occasionally,  also,  when  a  well  has  been  deepened  to  increase 
the  supply,  the  only  result  has  been  the  loss  of  the  existing  supply,  owing 
to  the  lowering  of  the  well  merely  giving  the  water  an  outlet  into  lover 
unsaturated  strata.    Though  deep  wells  sunk  under  favourable  conditions 
in  water-bearing  strata,  often  yield  an  abundant  supply  of  water,  and 
frequently  merely  intercept  a  portion  of  the  imderground  flow,  which 
would  otherwise  have  discharged  into  the  nearest  stream  or  river,  or 
occasionally,  near  the  coast,  straight  into  the  sea,  there  is  a  limit  to  the 
extension  of  this  source  of  supply,  depending  as  it  does  on  the  amount 
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of  rain  falling  on  the  area  draining  into  the  permeable  stratum,  which 
serves  to  replenish  this  underground  reservoir.  Accordingly,  the  sinking 
of  several  fresh  wells  within  a  limited  area,  tends  to  divert  some  of  the 
flow  from  the  older  wells,  and  by  lowering  the  level  of  saturation  of 
the  permeable  stratum  by  the  increased  drain  on  its  supply,  augments 
the  depth  from  which  the  water  has  to  be  raised. 

Artesian  wells  are  those  wells  in  which,  when  carried  down  by  a 
boring  in  a  valley  to  a  water-bearing  stratum  enclosed  between  two  im- 
permeable strata,  the  water  rises  above  the  surface  of  the  ground,  the 
name  being  derived  from  the  French  province  of  Artois,  in  which  the 
earlier  artesian  wells  in  Europe  were  bored  in  the  twelfth  century,  though 
traces  of  more  ancient  borings  for  water  have  been  found  in  Asia  and 
Africa.  The  overflow  of  the  water  from  artesian  wells  is  due  to  the  con- 
fined permeable  stratum  rising  at  the  side  so  much  higher  than  its  level 
where  the  boring  is  made,  that  the  plane  of  saturation  is  higher  than  the 
top  of  the  well ;  and,  consequently,  when  the  incumbent,  impervious 
stratum  is  pierced  at  a  lower  level,  the  water  is  forced  up  the  aperture 
by  the  hydrostatic  pressure.  The  well  at  Crenelle,  near  Paris,  bored  to 
a  depth  of  1798  feet  in  1833-41,  discharges  water  to  a  height  of  32  feet 
above  the  surface ;  and  several  deeper  artesian  wells  have  been  formed 
in  the  United  States. 

Well  water,  like  spring  water,  generally  contains  some  inorganic  salts 
in  solution  which  it  has  collected  in  its  course,  though  free  from  organic 
impurities  owing  to  the  filtration  it  has  undergone  in  traversing  the  con- 
siderable thickness  of  the  strata  intervening  between  the  surface  and 
deep  wells.  The  salts  most  commonly  found  in  solution  in  well  water 
are  calcium  bicarbonate  and  sulphate,  constituting  what  is  termed 
"hardness"  in  water,  which,  owing  to  its  action  on  soap,  is  unsuitable 
for  washing  and  certain  manufactures,  though  harmless  for  drinking  ; 
these  salts  being  collected  by  the  water  in  its  passage  through  strata 
containing  calcium  deposits,  such  as  the  Oolites  and  New  Red  Sandstone, 
and  more  especially  chalk,  the  wells  in  which  yield  the  hardest  water, 
quite  unsuitable  for  manufacturing  purposes. 

Water-supplies  from  Rivers  and  Streams. — Rivers  and  water- 
courses afibrd  a  very  convenient  and  accessible  source  of  supply :  and 
one  of  the  principal  reasons  for  towns  in  olden  times  having  l)een 
established  by  the  banks  of  rivers,  is  sui)posed  to  have  been  the  facility 
with  which,  in  such  a  situation,  an  ample  supjjly  of  water  was  secured. 
Rivers,  however,  become  turbid  in  flood-time;  and  they  are  subject  to 
contamination  from  the  sewage  of  towns  situated  on  their  banks,  which 
tends  to  augment  with  the  increase  of  population.  The  suspended  matter, 
nevertheless,  can  be  removed  by  passing  the  water  pumped  from  rivers 
through  filter-beds ;  whilst  stringent  legislation  against  the  direct  dis- 
charge of  sewage  into  rivers,  which  lower  down  may  he  utilized  for  water- 
supply,  minimizes  the  liability  to  pollution ;  and  organic  impurities  are 
gradually  oxidized  as  they  are  carried  down  by  a  river,  so  that  the  river 
is  by  degrees  cleansed  by  natural  changes,  provided  the  source  of  pol- 
lution is  at  an  adequate  distance  above  the  place  where  the  water  has  to 
be  drawn  off*,  for  these  changes  to  be  accomplished. 
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The  ideal  source  of  supply  is  found  in  streams  draining  hilly,  unin- 
habited, and  imcultivated  districts,  where  the  sole  impurity,  besides  a 
certain  turbidity  during  floods  due  to  the  conveyance  of  some  of  the 
loose  soil  into  the  stream  by  the  rapid  flow  off  the  ground,  consists  of  a 
slight  brown  discoloration  when  the  water  has  flowed  through  peat,  often 
met  with  on  moorlands.  The  turbidity  is  readily  removed  by  deposit 
when  the  water  is  at  rest  in  a  reservoir  or  settling  tank ;  and  die  peat} 
discoloration  is  bleached  by  exposure  to  light.  Such  streams,  however, 
being  situated  in  the  upper  part  of  a  river  basin,  are  generally  at  a  con- 
siderable distance  from  large  towns,  which  are  usually  established  on  the 
lower  parts  of  rivers,  where  the  volume  of  the  river  is  greater  and  its  flow 
more  uniform ;  and,  moreover,  the  flow  of  these  mountain  streams  is  too 
irregular,  under  natural  conditions,  to  furnish  a  sufficient,  reliable  supply. 
Cities  and  towns,  accordingly,  situated  on  rivers  possessing  a  sufficiently 
large  constant  flow,  very  commonly  draw  their  principal  supply  from  the 
river  at  a  suitable  point  higher  up.  Thus,  for  instance,  London  obtains 
its  chief  supply  from  the  Thames  at  different  pumping  stations  above  the 
tidal  limit  at  Teddington.  Calcutta  derives  its  water-supply  from  the 
River  Hugh  about  14  miles  above  the  city,  but  within  the  tidal  portion 
of  the  river ;  and  Paris  formerly  drew  its  supply  from  the  Seine,  which  is 
still  used  for  general  purposes,  such  as  watering  the  streets,  flushing  the 
sewers,  and  extinguishing  fires,  though  the  water  for  domestic  use  is  token 
from  the  Vanne,  the  Dhuis,  and  the  Avre,  supplying  a  good  potable  water 
derived  in  great  measure  from  springs  in  the  dialk.  Ver\'  often  in 
tropical  countries,  where  rivers  with  a  sandy  bed  appear  to  dr>'  up  during 
the  dry  season,  there  is  still  an  underground  flow  which  can  be  reached 
by  sinking  wells,  and  utilized  for  water-supply  ;  and  during  floods  in  the 
rainy  season,  the  water  drawn  from  these  wells  is  obtained  in  a  clearer 
state  than  if  it  was  taken  direct  from  the  turbid  river. 

As  the  rtow  of  rivers  is  to  some  extent  derived  from  springs,  their 
waters  contain  certain  inorganic  substances  in  solution  in  very  variable 
([uantities,  mainly,  in  general,  calcium  carbonate  and  sulphate,  and 
magnesium  carbonate,  depending  upon  the  stratum  constituting  their 
basins,  as  well  as  some  organic  matter ;  whilst  water  drawn  from  a  river 
within  the  tidal  limit  contains  a  varying  quantity  of  sodium  chloride,  or 
common  salt,  from  the  sea-water  mingling  with  the  fresh  water  when  the 
discharge  of  river  water  is  small. 

Lakes  as  Sources  of  Water-supply. — Lakes  in  hilly  districts, 
awav  from  habitations,  fed  by  streams  and  rain  flowing  off  steep  mountain 
slojves,  furnish  natural  reservoirs  providing  an  excellent  source  of  water- 
sui)ply,  from  which  the  water  can  be  conveyed  by  gravitation  to  a  town 
lower  down  the  valley,  or  can  be  carried  by  tunnelling  through  the 
dividing  ridge,  to  a  town  situated  in  an  adjoining  river  basin.  A  lake  is 
formed  by  a  natural  barrier  across  the  valley  at  its  outlet,  so  that  the 
enclosed  hollow  above  the  barrier  has  been  filled  at  some  remote  period 
with  the  water  draining  into  the  valley,  which  had  to  rise  above  the  top 
of  the  barrier  before  the  drainage  of  the  valley  could  commence  to  be 
discharged. 
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Storage  of  Water-supply. 

Lakes  used  for  Storage  of  Water. — In  order  to  interfere  as 
little  as  possible  with  vested  interests  in  a  settled  country,  instead  of 
draining  off  the  lake  water  and  thus  lowering  it,  the  customar)-  course  is 
to  raise  its  level  by  artificially  heightening  the  natural  barrier  by  a  dam, 
to  provide  the  storage  required  in  the  driest  year  to  secure  the  necessary 
supply,  so  that  the  lake  may  never  have  to  be  drawn  down  much  below 
its  original  average  level.  The  extent  to  which  the  lake  has  to  be  raised 
depends  upon  the  area  of  the  surface  of  the  lake,  as  well  as  upon  the 
volume  of  water  required  for  the  supply;  and  in  this  respect,  a  lake 
furnishes  a  very  convenient  and  capacious  reservoir  for  storage,  for  from 
the  ver>'  outset,  any  raising  of  the  water-level  provides  a  large  volume 
when  spread  over  the  area  of  an  extensive  lake,  as  pointed  out  in  the  chapter 
on  "  Irrigation  Works ; "  whereas  the  lower  layers  of  water  in  a  reservoir 
formed  in  a  valley,  are  small  in  area,  and  consequently  in  volume,  they 
often  cannot  be  entirely  drawn  off,  and  they  are  subject  to  reduction  by 
the  accumulation  of  deposit.  The  lake  is  raised  by  impounding  the 
flood-waters  of  the  streams  flowing  into  it,  till  it  has  reached  the  desired 
level.  The  extent  to  which  such  a  source  can  be  drawn  upon  for  water- 
supply,  depends  upon  the  area  of  land  draining  into  the  lake,  or  the 
gathering  ground  as  it  is  called  in  the  case  of  a  reservoir  in  a  mountain 
valley,  the  rainfall  in  the  driest  years,  and  the  proportion  of  the  rainfall 
which  reaches  the  lake;  for  the  storage  water  should  bu  cither  fully 
replenished  in  flood-time  each  year,  or  the  amount  of  water  stored  up 
should  at  least  be  made  sufficient  that,  in  spite  of  an  exceptional  drain 
upon  it  during  a  year  of  minimum  rainfall,  it  should  afibrd  the  rccjuisitc 
supply  during  the  three  driest  consecutive  years,  without  the  original 
water-level  of  the  lake  being  unduly  infringed  uix)n. 

Loch  Katrine  and  Thirlmere  furnish  notable  examples  of  the  use  of 
lakes  as  reservoirs  for  water-supply,  with  the  requisite  storage  provided 
by  raising  their  level.  As  Loch  Katrine  has  an  area  of  31 19  acres,  it 
was  possible,  by  merely  raising  the  level  of  the  lake  4  feet,  and  allowing 
for  a  drawing  down  of  the  lake  3  feet  below  its  original  level,  to  obtain 
a  storage  of  5687  million  gallons,  and  provide  a  supply  for  (Glasgow  of 
50  million  gallons  per  day  of  the  purest  water ;  and  by  recent  works, 
including  a  second  conduit,  it  has  been  possible  to  double  the  available 
supply.  Though  the  lake  is  about  34  miles  distant  from  (ilasg(nv,  the 
water  can  be  very  easily  conveyed  by  gravitation,  as  the  lake  is  367  feet 
above  sea-level.  Thirlmere  is  about  ico  miles  from  Manchester:  but 
as  the  lowest  level  of  the  lake  is  182  feet  above  the  water-level  of  the 
service  reservoir,  situated  4  miles  short  of  Manchester,  there  is  an  avail- 
able fall  of  nearly  2  feet  per  mile,  enabling  the  water  to  be  readily  con- 
veyed by  gravitation.  Thirlmere,  however,  has  an  area  at  its  original 
water-level  of  only  328  acres;  and  as  this  water-level  is  not  allowed  to 
be  lowered,  the  lake  will  eventually  be  raised  50  feet  to  provide  a  storage 
in  this  case  of  8130  million  gallons,  for  securing  a  future  total  supply 
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of  50  million  gallons  of  water  per  day  delivered  to  Manchester,  and  also 
5]^  million  gallons  a  day  of  compensation  water  for  the  stream  flowiDg 
out  of  the  lake.  This  raising  of  the  level  of  the  lake  has  been  provided 
for  by  a  concrete  dam  across  the  outlet,  faced  with  masonry,  carried 
down  to  the  solid  rock  and  built  up  to  a  height  of  57  feet  above  the 
former  level  of  the  lake,  which,  when  the  water  is  impounded  to  the  full 
height  of  50  feet,  will  have  an  area  of  783  acres.  ^  It  is  specially  impor- 
tant in  this  instance  to  provide  an  ample  storage,  as  the  total  drainage- 
area  from  which  the  rainfall  will  be  collected,  even  when  some  streams 
outside  the  basin  are  diverted  into  it,  only  amounts  to  11,000  acres ;  but 
fortunately  the  rainfall  in  this  hilly  district  has  been  found  to  average 
7 1  inches  a  year  in  three  consecutive  dry  years,  whilst  the  steep,  rocky 
nature  of  the  ground  makes  the  proportion  of  rainfall  reaching  the  lake 
exceptionally  large ;  and  the  storage  contemplated  would  be  obtained 
with  an  available  rainfall  of  32f  inches  from  the  whole  drainage-area. 

The  existence  of  lakes  proves  that  the  basin  which  they  fill  is 
enclosed  by  fairly  watertight  strata,  and,  consequently,  that  the  site  is 
suitable  for  storage ;  and  the  lakes  serve  as  settling  reservoirs,  in  whidi 
the  streams  flowing  into  them  deposit  their  silt,  as  so  strikingly  illustrated 
by  the  turbid  Rhone  flowing  into  the  Lake  of  Geneva,  and  sdso  provide 
a  space,  in  proportion  to  their  depth,  in  which  the  silt  can  accumulate 
for  an  indefinite  period  without  affecting  their  storage  capacity. 

Impounding  Reservoirs  for  storing  up  Water. — \Vhere  no 
lake  is  available,  water  is  stored  up  in  the  wet  season,  for  use  during 
the  dry  months,  by  forming  an  artificial  lake  by  erecting  a  dam  across 
a  narrow  part  of  the  valley  of  a  mountain  stream,  and  impounding  die 
water  of  the  stream  above  the  dam  in  flood-time.  It  is  important  to 
select  a  site  in  the  valley  where  the  strata  are  impervious,  and  where  a 
considerable  volume  of  water  can  be  impounded  by  a  dam  of  moderate 
length  and  height.  This  can  be  best  effected  where  a  tolerably  wide 
valley  contracts  abruptly  to  a  narrow,  deep  gorge ;  and  it  must  be 
borne  in  mind,  that  an  increase  in  the  height  of  the  dam  augments  die 
capacity  of  the  reservoir  out  of  all  proportion  to  the  ratio  of  the  addition 
to  the  height,  on  the  same  principle  as  the  raising  of  lakes,  especially  witli 
an  extensive  reservoir.  Accordingly,  if  practicable,  a  stable,  high  dam  i^ 
preferable  to  two  or  three  dams  in  steps  down  the  valley  making  up 
altogether  a  similar  height. 

Before  designing  a  storage  reser\'oir,  the  drainage-area  of  the  stream 
to  be  impounded,  or  gathering  ground,  must  be  ascertained,  and  die 
available  rainfall  over  this  area  must  be  estimated.  The  proportion 
which  the  available  rainfall  bears  to  the  actual  rainfall,  may  be  found 
approximately  by  gauging  the  flow  of  the  stream  and  obser\*ing  die 
corresponding  rainfall ;  but  the  rainfall  of  the  three  driest  consecutive 
years  can  only  be  obtained  with  precision  from  a  series  of  rainfall 
observations,  at  several  stations  in  the  district,  extending  over  a  period 
of  at  least  twenty  years.  If  no  such  record  exists,  the  observations 
made  must  be  compared  with  those  of  similarly  situated  stations  where 

'  Proceedings  Inst,  C,E,y  vol.  cxxvi.  p.  2,  plate  I,  and  plaic  2,  fig.  13. 
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,  long  record  has  been  kept,  and  an  estimate  of  the  required  rainfall 
leduced  from  it.  As  a  general  rule  in  England,  it  has  been  found  that 
he  rainfall  of  the  wettest  year  is  one-half  greater  than  the  mean,  of  the 
Lriest  year  one-third  smaller  than  the  mean,  and  of  the  three  driest 
:onsecutive  years  one-fifth,  on  the  average,  less  than  the  mean ;  and 
he  quantity  of  water  Q,  in  gallons  per  day,  which  can  be  collected 
rom  a  gathering  ground  having  an  area  A  in  acres,  with  a  mean  annual 
ainfall  R  in  inches,  and  loss  by  evaporation  £  in  inches,  which  in 
England  amounts  to  from  10  to  18  inches  in  the  year,  is  expressed  by 
he  following  formula  * : — 

Q  =  62-i5A(lR-E). 

The  storage  which  has  to  be  provided  for  a  given  daily  supply  must 
)e  sufficient,  after  allowing  for  loss  by  evaporation,  to  enable  the  whole 
>f  the  supply  to  be  drawn  from  the  reservoir,  for  the  number  of  days 
n  succession  during  which  it  is  possible  that  there  may  not  be  an 
idequate  rainfall  over  the  gathering  ground,  to  have  any  practical 
nfluence  in  replenishing  the  reservoir.  This  period  varies  according 
:o  the  local  conditions,  and  is  less  in  wet  districts,  where  the  variations 
from  the  mean  rainfall  are  less  than  in  dry  districts.  At  Loch  Katrine, 
in  a  wet  district,  the  storage  originally  provided  was  adequate  for  113 
days,  without  allowing  for  loss  from  evaporation  ;  and  at  Thirhiiere 
there  is  storage  for  156  days,  where,  owing  to  the  restricted  drainage- 
area,  the  fluctuations  of  the  rainfall  are  liable  to  be  greater  than  over  a 
more  extensive  gathering  ground.  After  making  due  allowance  for  loss 
from  evaporation,  which  has  been  estimated  at  a  depth  of  3  feet  in  a 
year  over  the  surface  of  reser\'oirs  in  England,  and  varies  with  the 
climate,  a  storage  sufficient  for  a  supply  for  100  days  may  be  regarded 
as  a  minimum,  only  suitable  for  a  very  wet  district,  and  a  supply  for 
250  days  in  very  dry  districts  ;  whilst  in  the  parts  of  tropical  countries 
where  the  rains  are  liable  to  fail  sometimes  in  the  rainy  season,  it  may 
be  necessary  to  provide  storage  for  two  successive  dry  seasons.- 

In  addition  to  the  water-supply  stored  up  in  reservoirs,  it  is  neces- 
sary, in  damming  up  streams  on  which  vested  interests  lower  down 
exist,  to  provide  for  comj)ensation  water  whi(  h,  in  consideration  of  the 
abstraction  of  the  flood-waters  of  the  stream,  has  to  be  discharged  from 
the  reservoir  into  the  stream  below,  so  as  to  ensure  that  tlie  flow  of  the 
stream  shall  never  be  less  than  a  stipulated  amount.  As  this  compen- 
sating volume  has  to  be  discharged  during  the  dry  weather,  when  no 
surplus  water  is  flowing  over  the  waste  weir,  it  has  to  he  stored  up  in 
the  reservoir  in  flood-time,  together  with  the  necessary  storage  for  the 
water-supply ;  and  where  manufac  tories  are  established  on  the  stream 
below,  compensation  water  equivalent  to  one-third  of  the  total  volume 
impounded  may  have  to  be  allowed.  Storage  reservoirs,  ac(  ordingly, 
in  addition  to  their  primary  object,  reduce  the  floods  in  the  river  below 
in   proportion  as  they   impound   the  flood   disc  barge  :   and   they   also 

'   **The  Theory  an<l  Praclico  uf  IIy<lro-Mechanics,"  InM.  C.E.,  p.  44. 
*  *•  Watcr-Supply  :  Rainfall,  Reservoirs,  Conduits,  and  Distribution,"  2nd  edition. 
A.  R.  Binnic,  Chatham,  1887,  p.  36. 
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ensure,  by  the  enforced  discharge  of  compensation  water,  that  the  flow 
in  the  driest  seasons  shall  never  fall  below  a  definite  volume. 

Reservoir  Dams. — As  previously  stated  with  reference  to  resenoirs 
for  irrigation  in  Chapter  XXVI.,  dams  for  storing  up  water  in  river  vallejrs 
are  constructed,  either  as  earthen  embankments,  or  in  the  form  of  masonry 
or  concrete  walls.  Earthen  embankments  are  well  suited  and  econo- 
mical for  dams  of  moderate  height,  up  to  about  80  feet ;  and  for  many 
years,  storage-reservoir  dams  in  England  were  exclusively  constructed 
of  earthwork.  Masonry  dams  were,  indeed,  constructed  long  ago  in 
Spain  for  reservoirs,  though,  for  the  most  part,  with  la  ver>'  incorrect 
section ;  but  the  earliest  high  masonry  dam  with  its  section  correctly 
adapted  to  withstand  the  pressures  increasing  with  the  depth,  was  erected 
in  France  across  the  River  Furens,^  a  tributary  of  the  Loire,  in  1859-66 
(Fig.  344,  p.  5 2  6).  The  amount  of  materials  required  for  an  earthen  dam, 
with  its  flat  slopes  on  each  side,  increases  rapidly  with  the  height ;  and  the 
danger  of  percolation  through  tlie  dam  with  the  increased  water-pressure, 
and  of  slips  on  the  outer  slope,  is  also  augmented,  so  that  though  earthen 
dams  exceeding  100  feet  in  height  have  been  constructed,  they  become 
rather  costly,  and  are  less  reliable  than  solidly-foimded  masonry  dams. 
Masonr}-  dams,  however,  must  be  founded  on  solid  rock ;  for  any  settle- 
ment of  a  masonry  dam  would  result  in  the  formation  of  cracks  in  the 
(lam,  endangering  its  stability.  Accordingly,  whilst  both  types  of  dams 
must  rest  on  an  impervious  stratum,  to  guard  against  infiltration  of  water 
under  pressure  underneath  the  dam,  tending  to  undermine  it,  a  masonry 
dam  can  only  be  constructed  with  safety  where  a  foundation  of  compact, 
hard  rock  can  be  reached  at  a  reasonable  depth  below  the  surface. 

In  a  valley  where  a  large  volume  of  water  has  to  be  stored,  and 
earthen  embankments  are  rendered  necessary  from  the  absence  of  a 
rock  foundation,  or  are  preferred  to  masonry,  reservoirs  can  be  formed 
in  a  series  of  steps  down  the  valley  by  dams  of  moderate  height,  as 
illustrated  by  the  six  reservoirs  constructed  down  the  Longdendale 
valley  by  earthen  dams  from  70  to  100  feet  high,  for  supplying 
Manchester  with  water,  the  total  area  of  these  reservoirs  amounting  to 
497  acres,  and  their  combined  capacity  to  4160  million  gallons.  The 
same  course,  moreover,  has  sometimes  to  be  adopted  even  with  high 
masonry  dams  in  a  narrow  valley;  for  in  spite  of  the  great  height  of  Ac 
Furens  dam  of  175  feet  above  the  bed  of  the  river,  retaining  a  maximum 
head  of  water  of  164  feet,  the  reservoir  formed  by  it  has  a  capacity  of 
only  353  million  gallons;  and  a  second  masonr>'  dam,  a  little  higher  op 
the  valley,  supplements  the  storage.  The  works  also  in  progress  for  the 
supply  (jf  Birmingham  in  the  future,  will  eventually  comprise  six  reser- 
voirs, in  the  somewhat  narrow  valleys  of  the  Elan  and  Claerwen  in 
South  Wales,  formed  by  means  of  concrete  dams  from  98  to  128  feet  in 
height,  for  storing  18,000  million  gallons  of  water,  from  a  watershed 
of  45,560  acres,  to  secure  a  daily  supply  of  75  milHon  gallons,  and 
comi)ensation  water  reaching  27  miUion  gallons  a  day,  the  storage 
provided  being  equivalent  to  the  requirements  for  about  180  days.' 

'   '*  Watcr-Supply,"  Kncyclopadia  Britannica,  9th  edition,  vol.  xxiv.  p.  407. 
«  Proceedings  Insi.  C.E.y  vol.  cxxvi.  pp.  71-73- 
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The  advantage,  in  respect  of  storage,  of  a  single  high  ma5onr\-  dam, 
over  several  dams  of  moderate  height,  is  exemi>hficd  hy  the  Gilep[»e 
masonn-  dam  near  Verviere  in  Belgium,  which  retains  a  head  of  water  of 
I47y  f^s'i  3nd  has  formed  a  reservoir  198  acres  in  area,  with  a  capacity 
of  2650  million  gallons,  which  was  consEnicled  in  1869-75,  instead 
of  four  dams,  95  feet  high,  originally  proposed  for  storing  up  a  similar 
quantity  of  water. 

Earthen  Dams  for  Raservoira.— An  earthwork  embankment  for 
a  reservoir  dam  should  have  a  width  at  the  top  of  not  less  than  8  to 
■  3  feet,  with  a  3  to  i  slope  on  the  upper  side  facing  the  rescn-oir,  pro- 
tected by  stone  [litching  or  a  layer  of  concrete  ^yjainst  the  wash  of  waves 
raised  in  the  reservoir  by  gales  ;  and  a  3  to  i  slojic  at  leasi  should  be 
formed  on  the  lower  side,  or  flatter  towards  the  base  if  the  dam  is  high. 


or  the  available  material  of  inferior  quality.  A  wall  of  puddled  clay  in 
the  centre  of  the  embankment,  carried  down  in  a  irench  to  :i  ^'ll^d, 
impervious  stratum,  or  occasionally  a  narrow  toncrele  wall,  is  the  method 
adopted  for  forming  a  watertight  barrier  to  prevent  the  infiltration  of 
water  from  the  reservoir  through  the  embankment  (Fij;,  340),  as  it  would 
be  difficult  to  make  the  inner  slope  watertight  with  a  layer  of  puddled 
clay  or  concrete,  owing  to  the  liability  of  the  onibankinfiii  to  unei|iial 
.settlement ;  and,  moreover,  such  a  laver  would  be  more  costly  th.iti  ilie 
Central  wall,  owing  to  the  large  area  of  the  flat  inner  sIo[h'  of  a  hitib  <.l;ini. 
Pro«ded  suitable  materials  can  be  obtained  within  the  .-iite  nf  the 
reseiToir,  the  excavation  of  these  maieriafs  for  the  consiru'iiun  of  tin- 
dam  enlai^es  at  the  same  time  the  capacity  of  the  reservoir.  'I'he  most 
tenacious,  clayey  materials  shoidd  be  dejinsited  nc;ir  the  puddle  tremh. 
so  as  to  avoid  any  abrupt  change  in  the  nature  of  the  adjoining;  <';irlh- 
work,  tending  to  irregular  settlement;  and  the  harder  and  lonser 
materials  should  be  reserved  for  the  outer  portions.  The  ci'iitral 
puddle  wall  is  kept  moist,  and  preserved  from  crackioL;,  by  the  niaterial.s 
close  s^inst  it  on  each  side  ;  and  the  conslrurtion  of  the  onti-r  |">rlion 
of  a  dam  with  comjxiratively  dry,  loose  material  well  drained,  renders 
the  outer  slope  far  less  liable  to  .slips  than  it  would  be  if  the  d;Hii  was 
constructed  entirely  of  clay,  \yhich  would  crack  on  the  ex[msed  t;iec  in 
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hot  weailier,  and  bt  disintegraied  by  tain.    The  embankmeni  mmt  \< 

taiseit  high  enough  to  be  in  no  danger  of  being  overtopped  by  wnit* 

"  I  the  reservoir,  and  more  especially  by  any  rise  of  the   water  in  ihc 

■leservoir;  for  if  once  water  begins  to  flow  over  an  earthen  bank,  its 

Kdestruclion  rapidly  follows;  and  therefore  any  undue  settlement  must  \k 

mSDoil  carefully  guarded  against. 

Before  the  dam  is  commenced,  all  loose  material  should  be  removed 
I  from  its  site,  and  the  excavation  for  the  puddle  trench  taken  down  to  a 
I  sound  and  impervious  stratum  ;  and  after  the  trench  has  been  filled  in 
I  with  puddled  day,  the  embankment  must  be  slowly  tartied  Up  bf 
I  iprcading  the  materials  in  a  succession  of  thin,  horiirontaJ  layers,  coo- 
I  solidaled  by  punning  and  rolling,  with  the  aid  of  water  in  dr>-  weather. 


Earthen  dams  with  a  puddle  wall,  having  the  outer  portion  on  the  dovr) 

Stream  side  of  the  wall  well  drained,  and  in  some  cases  provided  iriih 

L  berms  on  the  outer  slope  as  an  additional  safeguard  against  alips,  barr 

I  been  constructed  to  a  height  of  about  135  feet.     The  earthwork  porDon. 

■  however,  of  tlie  New  Croton  dam,  forming  a  reservoir  for  v.xtending  the 

water-supply  of  New  York,  is  raised  120  feet  above  the  surface  at  lit 

deepest  pan,  and  carried  down  in  the  central  part  about  90  feci  l>do» 

the  surface '  (Fig.  341) :  and  the  watenight  barrier  along  the  ccrure  of 

the  enibankmenl,  consbts  of  a  slight  masonry  wall  founded  on  the  srfi'i 

rock  at  a  maximum  depth  of  j  15  feet  below  the  surface,  and  caninl  up 

to  the  highest  water-level  in  the  resenoir  with  the  water  flowing  owt 

ihe  waste  weir,  so  feet  below  the  top  of  the  embankment.     This  ccnm' 

Jrwall,  with  a  niaximuni  height  of  235  feet,  has  been  made  18  feet  ibici 

■■from  its  foundation  up  to  about  36  feet  from  the  top,  from  which  Ic*tl 

"  The  WiWt-SupiJljr  nf  llic  Cil^  td  New  Yotk."  E,  WeKnumo,  plsw  tji. 
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il  is  i<:duced  by  a  batter  on  both  sides  to  a  top  width  of  6  feet.  This 
wall  joins  the  masonry  dam  erected  across  the  lowest  part  of  the  valley 
of  the  Croion  River  at  this  site,  at  the  point  where  the  embankment 
terminates  about  600  feet  from  its  commencement,  thereby  forming, 
with  the  waste  weir  masonry  dam  oti  the  opposite  slope,  a  continuous 
wall  of  masonry  right  across  the  valley,  about  a  200  feet  long. 

In  places  where  clay  for  puddle  cannot  be  obtained,  as  in  parts  ofa 
India,  a  larger  mass  of  the  most  retentive  material  available  is  placed| 
in  the  central  part  of  the  dam,  with  the  looser  material  for  the  outer 
portion  on  each  side'  (Fig,  342).  In  India,  however,  owing  to  the 
cheapness  of  labour,  and  the  native  system  of  bringing  the  materials  in 
small  baskets,  an  embankment  can  be  constructed  with  great  care,  and 
brought  up  in  ver>'  thin  layers,  so  that  the  compactness  and  consolida- 
tion of  the  bank  compensate  for  the  relative  inferiority  of  the  materials  .^ 
forming  it. 


Masonry  Dams  for  ReBervoirs-^In  earthen  dams,  the 
the  embankment  is  always  ample  for  withstanding  the  pressure  of  the 
water  in  ihe  reservoir;  and  these  dams  only  fail  owing  to  intiltration  of 
water,  settlement,  and  slips.  Masonry  dams,  on  the  contrary,  can  be 
exactly  proportiaoed  in  thickness  at  the  difl'erent  levels  to  the  pressures 
they  Mx-e  to  support,  which  vary  with  the  depth  below  the  surface  of 
die  water;  and  such  dams,  if  well  and  solidly  built,  are  only  liable  to 
&il  on  account  of  standing  on  yielding  or  fissured  foundations,  or  from 
being  given  an  inadequate  thickness  at  any  part,  producing  tension 
kt  the  inner  face,  or  an  excessive  pressure  on  the  masonry  at  the  outer 
toe.  So  long,  however,  as  the  dam  is  made  adequately  thick  to 
resist  the  pressures,  any  further  addition  to  its  width  merely  increases 
the  weight  on  the  masonry  below,  and  on  the  foundations,  to  no 
puriTOSe, 

A  reser%oir  dam  is  subjected  to  two  distinct  pressures,  namely,a  vertical 
pressure  due  to  the  weight  of  the  dam,  with  its  resultant  passing  thi 
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the  centre  of  gravity  of  the  mass,  and  a  horizontal  pressure,  or  a  pressure 
at  right  angles  to  the  inner  face  of  the  dam,  due  to  the  pressure  of  the 
water  in  the  reservoir  against  the  inner  face.  When  the  reservoir  is  empt>*, 
the  only  pressures  on  the  dam  are  those  due  to  its  own  weight ;  and  the  line 
of  resultant  pressures,  with  the  reservoir  empty,  may  be  obtained  by  dividing 
up  the  cross  section  of  the  dam  by  a  series  of  horizontal  lines,  findii^ 
the  centre  of  gravity  of  each  portion  comprised  between  each  line  and 
the  top,  and  then  drawing  vertical  lines  from  the  centres  of  gravit)-  to  die 
corresponding  base  lines,  and  joining  the  several  points  of  intersection  of 
these  lines  by  a  line,  which  represents  the  resultant  pressures  (Fig.  344, 
p.  526).  The  total  pressures  on  each  base  line  correspond  to  the  weight 
of  the  portion  of  the  dam  above  it ;  and  the  pressures  are  necessarily 
equal  on  each  side  of  the  resultant  line,  since  it  represents  the  mean 
position  of  all  the  pressures  on  any  horizontal  line  across  the  dam. 

The  pressures  on  the  dam  with  the  reservoir  full,  are  compounded  (:i 
the  weight  of  the  dam  and  the  pressure  of  the  water  on  the  inner  face, 
which  latter  is  equal  to  the  weight  of  a  triangular  prism  of  water  havir^ 

DIAGRAM   OF   PRESSURES   IN   MASONRY   DAM. 
Fig.  343.— Reservoir  Empty  and  Full. 


;  ^J^'X  F''^ 


a  height  equal  to  the  depth  of  the  dam  below  the  water,  a  base  of  the 
same  length,  and  a  unit  of  width  along  the  dam,  usually  taken  as  a  foot; 
and  the  resultant  of  the  pressures  over  the  irmer  face  may  be  regarded  as 
acting  at  the  centre  of  pressure,  which  is  two-thirds  of  the  depth  below  the 
water-level.  The  resultant  of  these  pressures  can  be  obtained  graphically, 
on  the  principle  of  the  parallelogram  of  forces,  by  drawing  a  line  vertically 
through  the  centre  of  gravity  G,  of  the  portion  of  the  cross  section  of 
the  dam  situated  above  the  horizontal  line  AB  (Fig.  343),  making  the 
length  of  the  line  GK  represent  the  weight  of  the  dam  above  AB  in  tons 
on  the  square  foot  to  a  given  small  scale,  drawing  the  line  KL*  at  right 
angles  to  the  inner  face,  representing  approximately  the  water-pressure  in 

*  The  water-pressure  is  assumed,  for  the  sake  of  simplicity,  to  act  also  at  G. 
though,  owing  to  the  form  given  to  these  masonry  dams,  the  centre  of  gravity  is  * 
little  higher  up  than  the  centre  of  pressure. 
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taas  to  the  same  scale,  and  joining  GL.  The  line  GL  represents  the 
resultant  pressure  in  tons  per  square  foot  to  the  given  scale,  and  also  its 
direction.  The  line  of  resultant  pressures  with  the  reservoir  full,  can  be 
obtained  by  joining  the  intersections  of  the  lines  corresponding  to  GL 
in  each  portion  of  the  section  of  the  dam,  with  their  respective  base  lines, 
when  the  line  joining  these  intersections  will  be  the  required  line.  In 
lliis  case  also,  the  pressures  are  equally  divided  on  each  side  of  the  line 
of  resultant  pressures,  in  regard  to  the  line  at  right  angles  to  the  direction 
of  the  resultant  with  the  reservoir  full.  Accordingly,  in  the  diagram  (Fig. 
34j)>  'he  pressure  on  EN  with  the  reservoir  full,  is  equal  to  the  pressure 
on  NF ;  and  with  the  reservoir  empty,  the  weight  on  AM  is  equal  to  the 
weight  on  MB.  The  actual  pressure,  however,  per  unit  of  surface  at 
any  point,  depends  on  the  length  of  these  lines,  and  also  on  its  position 
owing  10  the  pressure  varying  along  the  lines.  The  maximum  and  mini- 
mum pressures  on  any  base  lines  with  the  reservoir  empty  and  full,  such 
as  AB  and  EF,  can  be  obtained  graphically  in  the  following  manner. 
Let  W  and  P  represent  the  total  pressures  in  Ions  on  AB  and  EF,  with 

W 
the  reservoir   empty  and   full  respectively;   and   dividing     —  by  the 

lengths  in  feet  of  AM  and  MB,  and  -   by  the  lengths  in  feet  of  EN  and 

NF.  the  average  pressures  on  these  portions  of  the  dam  are  obtained  in 
tons  per  square  foot,  with  the  reservoir  empty  for  the  first  two,  and  full 
(or  the  second  two.  Then  selecting  a  suitably  large  scale  to  represent 
tons  on  the  square  foot,  perpendicular  lines  are  drawn  from  the  centre 
of  each  line  AM,  MD,  EN,  and  NF,  having  lengths  corresponding  to 
the  tons  per  square  foot  obtained  above  on  the  selected  scale ;  and  the 
ends  of  these  pairs  of  lines,  representing  by  their  lengths  the  respective 
average  pressures,  are  joined  by  the  straight  lines  CD  and  Hi  prolonged 
to  the  faces  of  the  dam,  forming  two  bands  whose  widths  indicate  the 
variations  in  pressure  across  the  dam  along  the  lines  AB  and  EF,  with 
the  rtsenolr  empty  and  full  respectively,  so  far  as  the  rigidity  of  the 
masonry  may  not  modify  this  distribution  (Fig,  343).  The  actual  pres- 
sure in  Ions  per  square  foot  can  be  measured  at  any  point  along  AB  and 
EF.  by  the  width  of  the  band  to  the  given  scale ;  and  the  diagram  shows 
that  with  the  reservoir  empty,  the  maximum  pressure  is  at  the  inner  face 
and  the  minimum  at  the  outer  face,  and  the  reverse  with  the  reservoir 
full,  and  that  there  is  no  tension  so  long  as  the  lines  of  resultant  pressures 
are  within  the  middle  third  of  the  cross  section  of  the  dam,  which  tension 
would  he  indicated  Ijy  the  crossing  of  the  pairs  of  lines  forming  the 
hands,  namely  AB,  CD,  and  EF,  HI,  respectively. 

A»  the  total  water-pressure  on  the  inner  face  of  the  dam  increases 
with  the  head  of  water  retained,  in  proportion  to  half  the  square  of  the 
depth  below  the  surface,  this  pressure  augments  rapidly  with  the  depth  ; 
ind  whtiteas  the  pressures  are  small  in  the  upper  part  of  a  masonry  dam, 
and  it  is  only  necessary  to  provide  a  sufficient  width  to  prevent  the  lines 
of  resultant  pressures  passing  outside  the  middle  third,  the  pressures  in 
tht  lower  part  of  a  high  dam  become  so  great,  that  the  dam  has  to  be 
led  ou;  rapidly  towards  its  base  by  a  curved  ot  \M^  sVo-puNj,  \^■aS^&\ 
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on  its  outer  face,  to  avoid  excessive  pressures  on  this  face  with  the 
reservoir  full  (Fig.  344).  The  width,  indeed,  of  the  upper  part  of  a  high 
masonry  dam  has  to  be  regulated  by  the  condition  of  keeping  the  result- 
ant pressures  within  the  middle  third,  though  the  top  width  is  generaili 
enlarged  sufficiently  for  a  road ;  whilst  the  vridth  of  the  lower  portion  ts 
determined  by  the  pressure  which  it  is  considered  may  be  safely  imposed 
on  the  masonry. 

The  rational  form  for  high  masonry  dams,  with  widths  varjing  in  po- 
portion  to  the  pressures  which  have  to  be  borne  at  different  depths, 
having  an  inner  face  deviating 
only  slightly  from  the  verti' 
cal,  and  an  outer  face  slo[MDg 
out  rapidly  towards  the  base, 
is  indicated  by  the  section  of 
the  Furens  dam,  retaining  a 
maximum  head  of  water  of 
164  feet,'  with  the  moderate 
maximum  pressure  on  the 
masonry  of  6  tons  on  tbe 
square  foot  (Fig,  344);  and 
the  general  correctneas  of 
ttus  form  for  a  given  pressuFC, 
has  been  proved  by  the  test 
of  experience.  By  allowii^ 
however,  a  greater  presane 
on  the  masonry,  it  bas  been 
possible  to  make  the  width 
towards  the  base  somewhat 
less  in  proportion  to  the  depth 
than  at  Furens,  as  exempli- 
fied by  the  slighter  Ban 
toori  dam  erected  subsequently  in 
France,  in  which  Oie  mait- 
mum  pressure  on  the  masonrj 
w.is  increased  to  6'6  tons,  and  also  by  the  New  Croton  masonry  dam 
in  the  United  States '  (Fig.  345). 

The  Furens  dam,  though  in  a  ver}-  narrow  valley,  gains  at  any  rate 
the  full  benefit  of  its  height,  as  a  solid  rock  foundation  has  been  met 
with  close  to  the  surface  (Fig.  344)  ;  whereas  both  the  New  Croton  and 
Vymwy  dams,  though  more  favourably  situated  for  impounding  watefi 
havL'  had  to  be  carried  lo  considerable  depths  below  the  surface  to  reach 
a  rock  foundation  (Figs.  345  and  346),  Thus  the  New  Croton  dam  has 
a  maxhiium  height  to  the  surface  of  the  reservoir  of  246  feet,  though  the 
di-plh  of  the  resen-oir  alongside  it,  when  full,  is  only  140  feet  _;  and  the 
\'yrnwy  dam,'  with  a  maximum  height  to  the  water-level  of  the  full  reser- 
voir of  144  feet,  retains  a  maximum  depth  of  water  of  only  84  feet  in  ih* 

I  Anunlts  des  P.'hIs  el  Ckausshs.  1866  (2),  plale  la;. 

'  *■  The  Waler-Supply  «f  ihc  Cily  of  New  York,"  t.  Wegnuop,  pUte  11?- 

'  PrvtttJiHgi  Iku.  C.'E.,  vol.  cixii.  p.  ag. 
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reser^-oir;  whikt  the  masoni]-  and  concrete  dam  at  Thirlmere  has  been 
carried  58^-  feet  dowti  below  the  surface  of  the  rock.* 

The  reservoir  formed  by  the  New  Croion  dam  has  a  capacity  of 


33,000  milbon  gallons,  and  is  supplied  from  a  drainaj;t-arL-a  of  ;4o,84o 
acres,  with  an  average  rainfall  of  about  48^  iiich(.'s  in  the  jcar.  half  of 
which  reaches  the  Croton  River ;  and  the  \'yni»y  rtsenoir,  with  .m  area 
of  1 131  acres  and  an  available  capacity  of  12,130  million  L^nllons,  is  fod 
from  a  drainage-area  of  13,500  acrc^,  uith  an  averago  annual  rainfall  of 
about  68  inches.  The  Vymny  reservoir  is  cajiahk-  of  proviriing  Liverpool 
eventually  with  a  water-supply  of  40  million  {jallons  a  day, 
compensation  water  to  the  River  \'yrnw;',  eijuivalent  durin 
months  to  an  average  daily  discharj,'e  of  15}  million  nallm 
reservoir,  accordingly,  will  afford  sutlicient  storage  for  about 
Bye-channel  and  Waste  Weir  for  Reservoirs.  - 
tion  of  a  bye-channel  in  cutting,  round  the  side  of  a  reservmr,  lor 
conveying  away  the  flood  discharge  of  the  stream  supplying  the 
reservoir,  is  very  advanta|;eous  during  the  constnieiion  of  .in  rarllien 
dam,  and  also  very  useful  for  diverting  the  turbid  and  discolinired  ll<iod- 
water  away  from  a  reservoir  which  has  been  already  filled.  These  bye- 
channels,  controlled  hy  gales  or  sluices,  and  leading  the  flood  disehargi' 
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from  the  stream  above  the  reservoir  into  the  stream  below  the  dam, 
have  to  be  protected  along  their  bed  and  sides  with  puddle,  pitching, 
or  a  lining  of  masonry  or  concrete,  according  to  the  velocity  of  flow 
through  them,  and  the  erosive  nature  of  the  stratum  through  which  ihey 
are  constructed.  A  small  settling  reservoir  is  also  sometimes  provided 
above  the  storage  reservoir,  in  which  the  sediment  brought  down  by  a 
flood  is  deposited  before  the  water  passes  on  to  the  bye-channel  or  into 
the  storage  reservoir,  and  from  which  the  deposit  can  be  readily 
removed  at  intervals. 

A  waste  weir  is  formed  at  a  suitable  place  at  the  side  of  a  reser\oir, 
with  its  sill  level  with  the  surface  of  the  water  of  the  full  reservoir,  so 
that  the  surplus  water  discharging  into  a  full  reservoir  in  flood-time,  may 
escape  over  the  weir ;  and  the  width  of  the  weir  is  made  suflBcient  for 
the  maximum  influx  into  a  full  reservoir  to  be  discharged  over  the  weir, 
without  raising  the  water-level  above  the  limit  allowed  for  in  designing 
the  dam.  Where  the  reservoir  is  formed  by  an  earthen  dam,  the  waste 
weir  should  be  formed  in  cutting  at  one  side,  beyond  the  end  of  the 
dam;  and  the  channel  leading  from  the  weir  into  the  stream  below, 
with  a  fall  equivalent  to  the  head  of  water  retained  by  the  dam,  must  be 
effectually  protected  against  the  scour  of  the  overflow  from  the  reservoir. 
The  velocity  of  this  discharge  is  best  checked  by  forming  the  escape 
channel,  below  the  waste  weir,  with  a  succession  of  very  long,  shallow 
steps  constructed  so  as  to  retain  a  pool  of  water  on  the  top  of  each  step, 
resembling  a  series  of  diminutive  weirs  separated  by  pools  which  deaden 
the  impact  of  the  falling  water. 

When  the  water  is  retained  in  the  reservoir  by  a  masonry  dam,  a 
portion  of  the  dam  itself  may  serve  as  the  waste  weir  by  having  its 
crest  terminated  at  the  requisite  level.  Thus  for  instance  at  the 
Vymwy  dam,  the  spaces  under  the  nineteen  central  arches  between 
the  piers  carrying  a  roadway  across  the  top  of  the  dam,  form  the  main 
waste  weir,  having  lower  sills  than  the  spaces  under  the  side  arches,  and 
affording  a  total  length  of  weir  of  456  feet;  and  as  the  surplus  water 
flows  down  the  outer  face  of  the  dam,  a  sharp  curve  has  been  given  to 
this  face  near  the  level  of  the  stream  below  the  dam,  to  receive  the 
shock  of  the  falling  water  (Fig.  346,  p.  527).  At  the  New  Croton 
dam,  the  waste  weir  is  provided  by  a  special  masonry  dam,  1000  feet 
long,  extending  from  the  high  central  masonry  dam  to  one  side  of  the 
valley,  with  its  top  level  with  the  surface  of  the  full  reservoir,  and  its 
outer  face  constructed  with  a  series  of  steps  from  top  to  bottom  to 
break  the  fall  of  the  overflowing  water. 

Outlets  for  Reservoirs. — Provision  has  to  be  made  for  drawing 
off"  the  water  stored  in  the  reservoir  for  water-supply,  and  also  for 
compensation  water.  Formerly,  the  outlet  culvert  for  drawing  off"  the 
supply  was  laid  across  the  base  of  earthen  dams,  and  usually  at  their 
lowest  point,  as  by  this  means  the  culvert  could  be  readily  constmcted, 
or  the  line  of  pipes  laid,  before  the  embankment  was  carried  up,  and 
served  to  convey  the  water  away  during  the  progress  of  the  dam ;  and 
by  placing  it  at  the  lowest  point,  the  drainage  was  most  effiectually 
provided  for  during  construction,  and  the  reservoir  most  fully  drawn 
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down  when  in  regular  use.  Culverts  and  pipes,  however,  so  placed  are 
liable  to  be  injured  by  the  unequal  settlement  of  the  embankment  over 
them,  and  particularly  where  they  pass  through  the  puddle  wall  and  rest 
on  the  puddle  trench ;  and  the  leakage  of  water  under  pressure  through 
the  fractures  thus  formed,  may  lead  to  the  subsidence,  and  eventual 
destruction  of  the  dam,  especially  when  the  valves  controlling  the  dis- 
charge are  placed  at  the  outer  end,  or  in  the  centre  of  the  embankment, 
precluding  access  to  the  culvert  for  repairs.  A  culvert  or  pipe  under 
an  embankment  must  be  commanded  throughout  its  whole  length  by  a 
valve  tower  at  its  inner  end  in  the  reser\-oir,  thereby  rendering  the 
conduit  accessible  for  repairs  (Fig.  342,  p.  523).  Even  if  this  essential 
precaution  is  adopted,  and  the  culvert  is  firmly  bedded  in  a  trencli 
excavated  in  the  solid  ground,  a  leakage  of  water  under  pressure  is  liable 
to  take  place  along  die  line  of  the  culvert  or  pipes,  impairing  the 
stability  of  the  embankment.  Accordingly,  where  a  reservoir  is  formed 
by  an  earthen  dam,  the  outlet  culvert  should  be  carried  to  one  side 
of  the  valley  beyond  the  end  of  the  dam ;  and  by  controlling  the  tlow 
into  the  conduit  by  a  valve  tower  erected  in  the  reservoir,  with  inlets  at 
different  levels,  the  water  can  be  drawn  from  the  reservoir,  with  its 
variable  water-level,  where  it  is  least  turbid  or  discoloured,  which  is 
generally  close  to  the  surface. 

The  ouUet  culvert  from  a  reservoir  closed  by  a  masonry  dam,  is 
sometimes  carried  through  the  dam  at  a  low  level,  with  the  valve 
chamber  formed  in  the  dam,  of  which  arrangement  the  Villar  dam, 
storing  up  the  flow  of  the  River  Lozoya  for  the  supply  of  Madrid,  and 
the  New  Croton  dam  furnish  examples.  It  is,  however,  preferable  to 
avoid  the  constmction  of  a  large  culvert  through  a  masonry  dam,  l)\ 
carrying  it  in  tunnel  at  one  side  of  the  valley  beyond  the  dam,  as 
resorted  to  at  the  Vyrnwy  reservoir,  where  the  outlet  supply  i^ulvert, 
carried  from  the  side  into  a  tunnel,  has  its  How  controlled,  and  the 
inflowing  water  strained  through  copper  wire  gau/e,  in  a  masonry  tower 
erected  in  the  lake ;  but  the  culverts  for  the  comiKinsation  water  have 
been  carried  through  the  dam,  as  the  most  direct  course  to  the  river 
channel  below  the  dam.  At  Tliirlmere,  it  was  ])ossil)le  to  jnoNiile  a 
direct  course  for  the  compensation  water  outside  the  ilani,  owini;  to  the 
existence  of  a  projecting  rock  in  the  centre  of  llie  line  of  the  liani, 
through  which  the  discharge  culvert  has  been  constructed ;  whilst,  as 
the  upper  end  of  the  lake  is  nearest  to  Manchester,  the  outlet  for  the 
supply  is  situated  at  the  opposite  end  of  the  lake  to  the  dam,  the  flow 
into  the  conduit  being  controlled  by  valves  in  a  shaft,  and  strained  in  a 
well,  sunk  65  feet  into  the  rock. 
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CHAPTER   XXXIII. 

CONVEYANCE,  PURIFICATION,  AND  DISTRIBTTTION 

OF  WATER-SUPPLY. 


Aqueduct  required  from  storage  reservoir — ConveyanoeofWater-Bupply: 
extended  meaning  of  aqueduct ;  hydraulic  gradient  for  aquolucts, 
definition,  uniform  or  variable  ;  aqueducts  from  impounding  reservoirs 
in  tunnel,  cutting:,  and  pipes  laid  as  inverted  siphons,  following  hydraulic 
gradient,  or  mamly  in  pipes  under  pressure,  relative  merits  of  the  tw 
systems,  instances  ;  arrangement  and  sizes  of  aqueducts,  ThirUnere  and 
Elan  aqueducts  described,  sections  of  Loch  Katrine  and  New  Croton 
aqueducts,  Vyrnwy  aqueduct  described  ;  service  reservoirs,  arrange- 
ments, construction,  objects — Purifioation  of  Water :  methods,  im- 
purities ;  separating  weirs,  description ;  settling  reservoirs,  settlement 
in  impounding  reservoirs,  for  clearing  river  water  by  subsidence: 
filtration,  object,  description  of  filter  bed,  suitable  rate  of  flow  for 
purification,  reduction  of  organic  matter ;  purification  by  contact  with 
iron,  through  spong>'-iron  filters,  by  iron  borings,  resulting  chemical  re- 
action ;  softening  of  hard  water,  definition  of  term  "  hard,"  disadvantages 
of  hard  water,  methods  of  softening,  scale  of  hardness,  instances  of  liard 
river  waters  Distribution  ofWater  ;  methods  of  distribution  ;  supply 
per  head  of  population,  measure  of  requirements,  average  consumption: 
intermittent  and  constant  supply,  methods  described  and  contrasted: 
prevention  of  waste,  requirements,  means  of  detection  of  waste,  impor- 
tance ;  water-meters,  charge  by  rental,  charge  by  meter  the  fair  s)'stcm. 
objections  urged,  methods  of  obviating  them,  positive  and  inferential 
meters  described  :  different  supplies  for  special  purposes,  increasing 
difficulty  of  obtaining  pure  water,  impure  supply  could  be  used  for 
municipal  purposes,  purest  water  for  domestic  use,  adopted  in  Paris. 
might  be  resorted  to  in  London. 

Water  stored  up  in  a  lake,  or  in  a  river  valley,  by  a  dam  across  the 
outlet,  is  usually  a  long  distance  away  from  the  town  for  which  the 
supply  is  required;  and  an  aqueduct  has  to  be  constructed  fttwa 
the  storage  reservoir,  for  the  conveyance  of  the  water  to  a  service 
reservoir,  in  the  neighbourhood  of  the  town,  formed  at  a  sufficient 
elevation  for  the  water  collected  in  it  to  be  readily  distributed  through- 
out the  town  at  an  adequate  pressure.  Fortunately,  an  impounding 
reservoir  is  always  situated  in  a  hilly  district,  towards  the  upper  end  of 
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a  river  basin,  and  therefore  at  a  sufficient  height  above  the  town  which 
it  is  formed  to  supply,  for  the  water  to  flow  down  an  aqueduct  from  it 
into  the  service  reservoir  under  the  action  of  gravity. 


Conveyance  of  Water-Supply. 

The  term  "  aqueduct,'*  though  formerly  applied  to  the  magnificent 
masonry  bridges  erected  by  the  Romans  for  the  conveyance  of  water 
across  deep  valleys,  and  consequently  to  all  bridges  carrying  a  channel 
containing  water,  whether  for  navigation,  irrigation,  or  water-supply, 
properly  denotes  any  form  of  channel  serving  for  the  conveyance  of 
water.  An  aqueduct  in  this  more  extended  sense  may,  in  addition  to 
bridges,  comprise  open  and  covered  channels  or  conduits,  tunnels,  and 
metal  pipes. 

Hydraulic  Gradient  for  Aqueducts. — The  hydraulic  gradient 
is  the  vertical  fall  between  two  points  on  an  aqueduct  divided  by  the 
length,  and  is  generally  expressed  in  feet  or  inches  per  mile ;  and  this 
gradient  determines  the  size  to  be  given  to  a  conduit  for  the  con- 
veyance of  a  definite  volume  of  water.  The  hydraulic  gradient  can  be 
maintained  uniform  throughout,  provided  the  aqueduct  is  constructed 
of  the  same  form  and  dimensions  along  its  whole  length,  or  if  its 
dimensions  are  merely  varied  so  as  to  compensate  for  an  increased 
resistance  to  flow  due  to  a  modification  in  its  form,  as  for  instance  in 
changing  from  a  channel  to  pipes.  On  the  other  hand,  it  may  be 
sometimes  expedient  to  vary  the  hydraulic  gradient  at  different  j)arts 
of  the  same  aqueduct,  in  order  to  adjust  the  level  of  the  aqueduct  more 
nearly  to  the  configuration  of  the  ground,  or  so  as  to  modify  the  size  of 
the  tunnel,  conduit,  or  pipes  at  certain  places,  for  the  sake  of  economy 
in  construction. 

Aqueducts  from  Impounding  Reservoirs.  —  An  acjucduct 
either  consists  of  a  channel  formed  to  the  inclination  of  the  hydraulic 
gradient,  carried  through  ridges  in  tunnel,  and  traversing  fairly  k'\el 
ground,  or  contouring  the  slopes,  in  cutting,  in  which  the  water  tlows 
freely;  or  where  the  ground  in  a  valley  dips  below  the  hydraulic 
gradient,  it  is  formed  by  one  or  more  lines  of  pipes,  constituting 
inverted  siphons,  through  which  the  water  is  conveyed  under  pressure, 
instead  of  continuing  the  channel  along  the  hydraulic  gradient  by  carry- 
ing it  on  the  top  of  a  high,  arched  bridge  across  the  valley,  like  the 
Roman  works.  Long  aqueducts  leading  the  water  from  impounding 
reservoirs  in  hilly  districts,  having  generally  to  traverse  irregular  ground 
and  some  river  valleys,  are  usually  formed  in  part  by  tunnels  and 
cuttings,  and  partly  by  pipes;  but  this  combination  of  the  two  systems 
of  aqueducts  is  effected  on  two  different  principles,  according  to  the 
local  conditions.  Where  the  configuration  of  the  ground  is  fairly 
favourable,  the  hydraulic  gradient  is  followed  for  considerable  distances 
by  contouring  the  slopes  in  a  somewhat  circuitous  course,  as  well  as  b\ 
tunnelling  through  high  ridges ;  and  pipes  are  only  resorted  to  where 
the  land  along  the  line  selected  for  the  aqueduct,  dips  considerably  in 
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descending  the  valleys  of  the  streams  and  rivers  which  have  to  be 
traversed.  When,  on  the  contrary,  the  land  along  the  route  of  the 
aqueduct  lies  for  the  most  part  below  the  hydraulic  gradient,  the 
aqueduct  is  mainly  formed  by  pipes  following  closely  the  irregularities 
of  the  ground,  and  taking  a  fairly  straight  course ;  whilst  the  hydraulic 
gradient  is  only  followed  in  the  tunnels,  and  is  reached  elsewhere  at 
points  where  balancing  reservoirs  can  be  introduced  for  reducing  the 
pressure  of  the  water  on  the  lowest  part  of  the  pipes,  by  dividing  the 
aqueduct  into  sections. 

The  first  system,  following  the  hydraulic  gradient  as  far  as  practicable, 
involves  a  greater  amount  of  cutting  for  constructing  the  conduit  with 
a  uniform  gradient,  and  also  a  more  circuitous  course  in  contouring  the 
slopes  to  avoid  abrupt  changes  in  the  level  of  the  ground ;  but  it 
dispenses  with  balancing  reservoirs,  as  each  inverted  siphon  constitutes 
an  independent  section  of  the  aqueduct,  with  the  pressure  at  the  lowest 
point  proportionate  to  the  depth  of  the  dip  below  the  upper  end  of  the 
siphon.  The  second  system,  on  the  other  hand,  affords  the  advantages 
of  a  straighter,  and  therefore  shorter  course,  increasing  the  available 
gradient,  and  a  imiform  depth  of  cutting  merely  sufficient  to  protect  the 
pipes  from  injury  and  frost ;  but  a  pipe  aqueduct  requires  a  steeper 
gradient,  or  a  larger  water  section,  than  a  free  channel,  to  pass  the  same 
volume  of  water ;  and  the  pressure  at  the  lowest  point  of  a  long  line  of 
pipes  would  be  unduly  great  during  any  stoppage  of  the  flow,  if  not 
relieved  at  intervals  by  balancing  reservoirs.  Long  lengths  of  channel 
with  a  free  flow  at  the  hydraulic  gradient,  have  been  adopted  for  the 
Loch  Katrine,  Thirlmere  (Fig.  347),^  and  Elan  aqueducts  :  whilst  the 
Longdendale  and  Vymwy  ^  aqueducts  (Fig.  348)  are  formed  with  lines 
of  pii:)es  and  tunnels. 

Arrangements  and  Sizes  of  Aqueducts. — The  Thirlmere 
ac^ueduct  has  a  length  of  nearly  97  miles,  of  which  45  miles  consist  of 
48-inch,  40-inch,  and  36-inch  cast-iron  pipes  laid  as  inverted  siphons 
down  the  valleys,  36^  miles  of  covered  conduits,  and  14-  miles  of 
tunnels.  The  conduits  formed  of  concrete  on  the  cut-and-cover  system, 
and  crossing  small  streams  on  masonry  bridges,  and  the  tunnels,  lined 
for  the  most  part  with  concrete,  are  constructed  of  the  same  internal 
section  (Fig.  349,  p.  534),^  which,  with  a  uniform  hydraulic  gradient  of  20 
inches  in  a  mile,  are  capable  of  conveying  the  maximum  proposed  supply 
of  50  million  gallons  a  day ;  but  only  one  line  of  cast-iron  pipes  has  been 
laid  for  the  first  instalment  of  10  million  gallons  a  day,  affording  the 
supplemental  supply  at  present  required  for  Manchester.  Only  three 
lines  of  pipes,  48  inches  in  diameter,  are  to  be  laid  in  the  Lake  district 
for  the  full  supply,  to  reduce  the  disfigurement  of  the  country  in  laying 
them  ;  but  five  lines  of  the  smaller  pipes  will  be  required  elsewhere.  A 
uniform  hydraulic  gradient  of  20  inches  in  a  mile  is  maintained  throughout 
for  about  83^  miles  from  Thirlmere;  but  in  the  last  i3f  miles,  there  is  an 
a\ailable  fall  for  the  continuous  line  of  pipes,  of  about  32  inches  in  a 

*  Proceedings  Inst.  C.E.^  vol.  cxxvi.  plate  i,  fig.  4. 
-  Ibid.^  vol.  cxxvi.  plate  4,  fig.  2.  *  IHd,^  vol.  cxxvi.  p.  9. 
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t  it  with  the  adjacent  conduit ;  and  a  v;ilve  in  llir  iiiijH- 
well  closes  automatically  dh  the  bursting  of  a  pipe  in  the  siphon,  fMin 
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the  fall  of  a  float  in  the  well,  owing  to  the  resulting  lowering  of  ^e 
water-level.     The  most  important  siphon,   9^  miles  long,  crosses  the 

valley  of  the  Ribble ;  but  the  siphon  across  the  Lune  valley  has 
the  greatest  dip,  in  which  the  head  of  water  reaches  a  maximum  of 
427  feet  (Fig.  347,  p.  S33)-  The  pipes  are  in  most  cases  carried  over 
the  rivers,  at  the  bottom  of  the  valleys,  on  bridges,  thereby  reducing  the 
amount  of  dip,  and  rendering  them  readily  accessible  for  repairs. 

The  Elan  aqueduct  is  very  similar  in  general  character  to  the 
Thirlmere  aqueduct;  but  the  conduits  and  tunnels,  with  a  hydauhe 
gradient  of  only  15*84  inches  per  mile,  and  having  to  provide  for  a 
larger  eventual  discharge,  have  had  to  be  given  a  greater  section 
(Fig.  350);'  whilst  by  allowing  a  gradient  of  36   inches   in  a  mile 
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for  the  siphons,  pipes  very  similar  in  diameter  to  those  of  the  Thirlmere 
aqueduct,  possess  the  requisite  increased  discharging  capacit)'.  Thf 
siphons  in  the  Elan  aqueduct  will  eventually  consist  of  six  lines  of 
42-inch  iron  or  steel  pipes;  but  only  two  lines  of  pipes  are  being  laid 
in  the  first  instance,  to  provide  for  the  present  needs  of  Birmingham- 
The  longest  siphon  on  this  aqueduct  has  a  length  of  1 7  miles ;  and  the 
greatest  dip  of  (he  pipes  of  550  feet  below  the  hydraulic  gradient,  is 
whore  the  River  Severn  is  crossed  by  a  bridge  near  Bewdley. 

A  section  of  the  new  Loch  Katrine  aqueduct,'  for  augmeirting 
the  Glasgow  supply,  is  given  in  Fig.  351,  and  of  the  New  Croton 
aqueduct  in  Fig.  352.  When  an  aqueduct  passes  through  an  unlined 
tuimel  in  hard  rock,  the  section  provided  is  slightly  increased,  to  alio* 
for  the  increased  friction  of  flow  in  a  channel  with  a  rough  bed  and 
sides.  In  all  cases,  ihe  conduits  and  tunnels  along  an  aqueduct  are 
alone  constructed  to  the  full  dimensions  at  the  outset;  and  the  siphons 
are  restricted  to  the  lines  of  pipes  needed  to  supply  the  immediate 
requirements,  additional  lines  of  pipes  being  laid  as  the  demands  for 
water  increase. 

'  Procttdings  Inst.  C.E.,  vol.  cxL  p.  24a.  '  JUJ.,  voL  oodii.  p.  410. 
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The  Vyrawy  aqueduct,  nearly  68^  miles  long,  is  divided  into  six 
distinct  sections  by  balancing  reservoirs,  four  of  these  reservoirs  having 
been  formed  at  places  where  the  land  attains  the  level  of  the  hydraulic 
gradient ;  but  as  there  was  no  land  high  enough  along  the  last  20^  miles 
of  the  course  of  the  aqueduct  to  reach  the  hydraulic  gradient,  it  was 
necessary,  in  order  to  make  a  break  in  this  long  line  of  pipes  under 
pressure,  to  construct  the  fifth  balancing  reservoir  on  the  top  of  a  high 
tower  built  on  the  summit  of  Norton  Hill,  so  as  to  raise  the  reservoir  to 
the  hydraulic  gradient,  no  feet  above  the  surface  of  the  ground 
(Fig.  348,  p.  533).  The  water  for  this  reservoir  is  contained  in  a 
circular  basin  or  tank,  80  feet  in  diameter,  formed  of  steel  plates  afford- 
ing a  central  depth  of  31  feet.  The  sections  into  which  the  aqueduct 
is  thus  divided  up,  vary  in  length  from  6^  miles  up  to  1 7^  miles,  in 
which  latter  length  the  maximum  head  of  water  of  480  feet  occurs  in 
passing  under  the  Wych  Brook ;  and  the  hydraulic  gradient  ranges 
in  general  between  2  feet  per  mile  in  the  three  tunnels,  7  feet  in 
diameter,  and  having  a  total  length  of  four  miles,  up  to  6*87  feet  in  a 
mile  for  the  long  siphon  between  Oswestry  and  Malpas,  the  ordinary 
gradient  for  the  other  siphons  being  4*5  to  4*8  feet  per  mile,  with  sharper 
gradients  where  steel  pipes  are  introduced  for  deep  crossings  difficult  of 
access,  to  reduce  the  size  of  the  pipes.  Only  one  line  of  pipes  has 
hitherto  been  laid ;  but  eventually  the  siphons  will  consist  of  three  lines 
of  pipes,  42  inches  in  diameter  for  the  normal  gradients  of  4*5  to 
4"8  feet  per  mile,  39  inches  for  the  long  siphon  with  the  gradient  of 
6'87  feet  per  mile,  and  reduced  to  36  inches,  and  32  inches  diameter' 
where  steel  pipes  are  used  for  passing  under  the  Manchester  Ship-Canal, 
and  the  River  Mersey  respectively,  with  a  sharper  gradient.  Automatic 
valves,  in  suitable  positions,  begin  to  gradually  close  the  pij)es  directly 
the  velocity  of  flow  is  considerably  increased  by  the  bursting  of  a  pipe ; 
and  air-valves  at  all  the  summits  of  the  siphons,  and  on  some  of  the 
falling  lengths,  provide  for  the  escape  of  the  air  which,  if  allowed  to 
accumulate  in  the  pipes,  would  arrest  the  flow  of  the  water. 

Water  pumped  up  from  a  river,  or  a  deep  well,  is  conveyed  in  a  line 
of  cast-iron  pipes  to  the  service  reservoir  for  distribution  :  whilst  water 
collected  from  springs  issuing  at  a  good  elevation,  is  carried  by  an 
aqueduct  similarly  to  the  supply  from  a  storage  reservoir. 

Service  Reservoirs. — The  supply  of  water  conveyed  by  an 
aqueduct  from  an  impounding  reservoir,  or  pumped  up  from  a  river  or 
wells,  or  collected  from  the  flow  from  springs,  is  delivered  into  one  or 
more  service  reservoirs,  situated  at  a  sufficient  height  above  the  town  to 
be  supplied,  to  be  carried  by  gravitation  through  cast-iron  mains  to  the 
top  of  the  houses  in  every  part  of  the  town,  and  at  an  adec^uate  distance 
if  possible  from  the  town,  to  be  free  from  contamination  by  smoke,  fumes 
from  manufactories,  and  other  sources  of  pollution.  Where  a  town  is 
built  on  land  varying  considerably  in  level,  and  the  water  has  to  be 
pumped  up  into  the  service  reservoirs,  the  town  is  advantageously 
divided  into  two  or  more  high-level  and  low-level  districts  served  by 
reservoirs  at  different  elevations,  to  avoid  lifting  the  supply  higher  than 
necessary  for  securing  the  recjuisite  head  for  distributing  the  water  at  the 
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different  levels.  When  these  reservoirs  have  to  be  placed  close  to  a 
town,  they  must  be  covered,  to  secure  them  from  the  introduction  of 
soot,  dust,  and  dirt ;  and  the  covering  over  of  the  reservoirs,  commonly 
effected  by  brick  arches,  possesses  the  further  advantages,  of  keeping  the 
water  at  a  more  uniform  temperature,  cooler  in  summer,  and  less 
exposed  to  frost  in  winter,  and,  together  with  a  depth  of  water  of  not 
less  than  15  feet,  of  impeding  the  growth  of  aquatic  plants,  the  germs  of 
which  exist  in  some  waters. 

Service  reservoirs  are  formed  by  excavating  them  in  the  ground,  or 
by  surrounding  them  with  watertight  embankments  or  retaining  walls; 
and  they  are  lined,  if  necessary,  with  puddle,  concrete,  or  brickwork 
coated  with  cement  Their  chief  objects  are  to  equalize  the  pressure, 
which  cannot  be  secured  by  pumping  directly  into  the  mains ;  to  provide 
for  the  variable  consumption  of  water  at  different  p>eriods  in  the 
24  hours,  without  varying  the  influx  or  the  rate  of  pumping;  and  to 
supply  adequate  storage  to  meet  sudden  emergencies,  such  as  a  fire,  the 
bursting  of  a  main,  an  accident  to  the  aqueduct,  or  a  breakdown  of 
the  pumps.  The  consumption  is  largest  in  the  morning  hours  from 
about  7  o'clock,  reaching  a  maximum  between  9  and  10 ;  and  it  falls  to 
a  minimum  in  the  middle  of  the  night.  The  storage  available  should 
evidently  not  be  less  than  about  a  couple  of  days'  ordinary  consumption, 
and  might  have  to  be  extended  to  a  week's  supply,  or  even  more,  if  the 
conveyance  of  the  water  to  the  reservoir  is  liable  to  occasional  interrup- 
tions, owing  to  injuries  of  the  aqueduct  or  other  causes. 

The  reservoirs  recently  formed  by  embankments  near  the  Thames  at 
Hampton  and  Staines,  resemble  service  reservoirs  in  their  construction, 
and  in  being  filled  by  water  pumped  up  from  the  river ;  but  in  reality 
they  fulfil  the  functions  of  storage  reservoirs,  by  being  filled  whilst  the 
river  has  a  large  discharge,  in  order  to  store  up  water  for  supplementing 
the  supply  of  London  when  the  flow  of  the  river  becomes  very-  low 
during  a  dry  summer. 


Purification  of  Water. 

Water  is  very  liable  to  contain  impurities,  both  in  suspension  and 
in  solution,  composed  of  inorganic  and  organic  matters.  The  heavier 
particles  carried  along  by  a  current  readily  settle  when  brought  to  rest 
in  a  settling  tank,  or  in  an  imf)ounding  reservoir;  whilst  the  finer  and 
floating  matter,  with  the  exception,  in  some  cases,  of  organic  matter  in 
an  extremely  fine  state  of  division,  can  be  removed  from  the  water  by 
straining  it  through  fine  wire  gauze,  and  by  filtration.  Calcium  bicarbo- 
nate, generally  found  in  solution  in  spring  and  river  waters,  is  easily 
removed ;  and  other  inorganic  salts  usually  existing  in  solution  in  much 
smaller  quantities,  which  cannot  be  separated  by  any  practicable  process, 
are  harmless ;  but  organic  matter  in  a  very  fine  state,  or  in  solution,  is 
difficult  to  deal  with,  and  being  very  objectionable  even  in  minute 
quantities,  has  led  to  special  care  being  exercised  in  the  selection  of  the 
sources  of  supply,  to  avoid  its  introduction  into  the  water  as  far  as 
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possible.  Water  collected  in  a  reservoir  from  a  hilly,  uninhabited 
watershed,  spring  water,  and  water  from  deep  wells  are  usually 
adequately  free  from  organic  impurities ;  but  river  water,  which  some- 
times constitutes  the  only  available  source  of  supply  for  towns  situated 
on  flat,  alluvial  plains,  generally  contains  some  organic  matter. 

Separating  Weiw. — ^When  water  from  mountain  streams  crossing 
an  aqueduct,  is  admitted  into  the  aqueduct,  provision  has  to  be  made 
to  prevent  the  influx  of  these  streams  in  flood-time,  when  liable  to  be 
turbid,  and  discoloured  by  peat.  This  is  effected  by  erecting  a  separating, 
or  leaping  weir  across  the  stream  where  it  crosses  the  aqueduct ;  and 
the  clear,  tranquil  stream,  falling  gently  over  this  weir,  drops  through 
an  ap>erture  at  the  foot  of  the  weir,  into  the  aqueduct ;  but  when  in  flood 
and  turbid,  and  consequently  flowing  rapidly  over  the  weir,  the  stream 
leaps  over  the  opening  and  is  discharged  beyond  the  aqueduct. 

Settling  Reservoirs.  —  The  water  drawn  from  impounding 
reservoirs  is  free  from  the  heavier  particles  in  suspension  which,  if 
not  previously  intercepted  in  a  subsiding  reservoir,  or  carried  away 
along  a  bye-channel  when  the  river  supplying  the  reservoir  is  in  flood, 
are  deposited  in  the  reservoir  itself  before  reaching  the  intake  of  the 
aqueduct ;  and  the  floating  debris^  and  any  light,  flocculent  matter,  are 
arrested  by  the  strainers  at  the  entrance  to  the  aqueduct.  River  water, 
however,  even  when  drawn  from  the  upper  layers  of  the  stream,  which 
always  contain  the  smallest  amount  of  suspended  matter,  and  especially 
when  the  river  is  in  flood,  contains  a  considerable  amount  of  materials 
in  suspension,  which,  though  too  fine  to  be  caught  on  strainers,  deposit 
to  a  considerable  extent  when  left  perfectly  still  for  a  time  in  a  settling 
reservoir.  The  amount  of  purification  thus  effected  from  the  heavier 
and  coarser  matter,  depends  upon  the  general  nature  of  the  sediment 
brought  down  by  the  river ;  but  generally  a  certain  proportion  of  the 
finer  and  lighter  impurities  are  not  removed  by  this  process  of  subsi- 
dence, as  well  as  the  substances  in  solution. 

Filtration. — It  is  the  general  practice  in  this  country  to  pass  water 
destined  for  domestic  supply,  through  filter  beds  before  discharging  it 
into  the  service  reservoirs,  thereby  removing  the  fine,  light  j)articles 
which  do  not  separate  by  subsidence.  This  process  of  ])urification, 
which  is  essential  for  rendering  most  river  waters  suitable  for  supplying 
towns,  more  especially  in  very  unfavourable  instances,  such  for  example 
as  the  turbid  River  Hugli,  affording  the  only  available  supply  for 
Calcutta,  is  usually  advisable  even  for  the  comparatively  pure  waters 
collected  in  impounding  reservoirs,  owing  to  the  possibility  of  their 
contamination  at  some  part  of  their  course,  and  the  greater  liability  of 
the  purest  waters  to  be  affected  by  pollution  than  waters  already  im- 
pregnated with  mineral  salts.  Thus  the  water  from  the  Vyrnwy 
reservoir  passes  from  the  aqueduct  through  filter  beds  at  Oswestry  (Fig. 
348,  p.  533)>  before  being  conveyed  to  the  Prescot  service  reservoirs, 
3^  miles  from  the  Town  Hall  of  Liverpool;  whilst  straining  wells  have 
been  relied  upon  for  clearing  the  water  from  Thirlmere,  on  issuing 
from  the  Prestwich  service  reser\'oir  of  4^  acres,  on  its  way  to  Man- 
chester, 4  miles  distant. 
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Filter  beds  are  placed  in  shallow  reservoirs,  usually  lined  with  brick- 
work, from  the  bottom  of  which  drains  lead  the  filtered  water  into  the 
pure-water  tank,  from  which  the  water  is  conveyed  to  the  service 
reservoir.  The  filtering  materials  are  laid  in  successive  horizontal 
layers  over  the  floor  of  the  reservoir ;  and  the  top  layer  consists  of 
6  inches  or  more  of  sharp  sand,  which  constitutes  the  actual  filtering 
medium,  arresting  the  impurities  contained  in  the  water,  and  the  surface 
portion  of  which  has  to  be  periodically  scraped  off,  and  washed  by  a  jet 
of  water  before  being  replaced.  Below  this  sand  comes  a  layer  of 
coarse  sand  or  fine  gravel,  then  a  layer  of  coarse  gravel,  and,  lastly, 
about  a  foot  of  rubble  at  the  bottom,  or  sometimes  bricks  laid  loose 
and  dry,  or  tile  drains,  the  whole  of  the  layers  occupying  a  thickness  of 
about  4  feet,  through  which  the  water  is  passed  gradually,  to  ensure 
which,  the  depth  of  water  over  the  filter  bed  described  should  not 
exceed  about  one  foot.  If,  however,  a  thicker  layer  of  sharp  sand  is 
adopted,  the  head  of  water  may  be  augmented,  owing  to  the  slower 
passage  of  the  water  through  a  somewhat  fine,  thick  layer.  A  flow  of 
^i  to  3  gallons  of  water  an  hour  per  square  foot  of  filter  bed,  has 
proved  efficient  for  the  purification  of  river  water  such  as  that  of  the 
Thames,  necessitating  a  provision  of  about  16,500  to  14,000  square  feet 
of  filter  bed  for  each  million  gallons  per  day  of  supply.  To  this,  how- 
ever, must  be  added  an  extra  area  to  allow  for  some  filter  beds  being 
out  of  use  for  cleansing  or  repairs,  depending  mainly  on  the  amount  of 
impurities  in  the  water  supplied. 

Filtration  appears  not  merely  to  remove  the  suspended  impurities  in 
the  water,  but  also  to  reduce  the  organic  pollution.  This  may  be  traced 
to  the  aeration,  and  consequent  oxidation  of  the  nitrogenous  compounds 
contained  in  the  water,  just  as  storage  for  some  time  in  a  reservoir,  or 
a  prolonged  flow  in  a  river,  has  been  found  to  reduce  the  organic 
impurities.  Moreover,  the  slower  the  rate  of  filtration,  and  the  thicker 
the  top  layer  of  sand,  the  more  perfect  is  the  purification  effected.  The 
aeration  which  results  from  the  ordinary  process  of  filtration,  is  some- 
times increased  by  causing  the  water  flowing  into  the  reservoir  for 
filtration,  to  fall  down  a  series  of  steps  formed  at  the  side,  or  to  be 
discharged,  like  a  fountain,  from  a  pipe  rising  some  feet  above  the  water- 
level  in  the  centre  of  the  reservoir. 

Purification  of  Water  by  Contact  with  Iron. — Very  impure 
river  waters  have  been  efficiently  purified  by  using  spongy  iron  mixed 
with  gravel,  or  in  some  instances  carbide  of  iron,  as  the  filtering 
medium.  The  iron,  however,  is  costly,  and  becomes  rapidly  clogged 
with  deposit,  necessitating  frequent  breaking  up  of  the  hard  top  crust 
and  renewals.  A  more  economical  and  rapid,  as  well  as  an  equally 
efficient  system,  subsequently  introduced,  consists  in  causing  the  water 
to  flow  through  long,  horizontal,  revolving  cylinders,  provided  along 
the  inside  with  projecting,  curved  plates  fastened  at  intervals  round  the 
cylinder,  which,  as  they  revolve,  scoop  up  the  cast-iron  borings  and 
turnings  introduced  into  the  cylinder,  which  have  fallen  to  the  bottom, 
and  discharge  them  into  the  water  on  reaching  the  top,  so  that  these 
particles  of  iron  are  constantly  falling  through  the  flowing  water.* 

'  Proceedings  Inst.  CE.y  vol.  Ixxxi.  p.  279,  and  plate  12. 
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The  iron,  being  brought  in  contact  with  the  water,  is  first  converted 
into  ferrous  oxide,  FeO,  which  is  partially  dissolved  as  bicarbonate,  and 
then  by  a  further  oxidation  into  ferric  oxide,  Fe^Oa,  which  is  readily 
precipitated,  and  can  be  easily  removed  by  filtration  through  sand,  only 
a  small  portion  of  the  oxide  remaining  in  solution.  This  combination 
of  the  iron  with  the  oxygen  of  the  water  purifies  the  water  from  organic 
matter,  partly  in  consequence  of  the  presence  of  iron  being  prejudicial 
to  the  growth,  or  even  existence  of  bacteria,  and  partly  owing  to  the 
precipitate  of  ferric  oxide,  in  settling,  dragging  down  with  it  the 
finely  divided  organic  matter  in  suspension. 

Softening  of  Hard  Water. — Water  derived  from  limestone 
formations,  or  from  springs  or  deep  wells  in  the  chalk,  is  termed  hard^ 
owing  to  its  property  of  decomposing  or  curdling  soap,  which  is  due  to 
inorganic  salts  in  solution,  mainly  salts  of  lime,  and  especially  calcium 
bicarbonate.  This  hardness,  though  not  apparently  at  all  prejudicial  to 
health,  is  very  disadvantageous  for  washing,  and  for  manufactures  neces- 
sitating the  use  of  soap ;  and  boilers,  hot-water  pipes,  and  kettles  become 
encrusted  with  lime  deposits,  owing  to  the  soluble  calcium  bicarbonate 
being  converted  into  the  insoluble  calcium  carbonate  by  the  driving  off  of 
carbonic  acid  gas  in  boiling.  Hard  water,  accordingly,  is  to  some  extent 
softened  by  boiling ;  but  the  most  efficient  softening  process  consists  in 
adding  lime-water  or  caustic  lime,  CaO,  in  a  suitable  proportion  to  the 
water,  so  as  to  combine  with  half  of  the  carbonic  acid,  C0.>,  in  the 
calcium  bicarbonate,  Ca02C02,  in  solution  in  the  water,  thereby  forming 
a  double  portion  of  insoluble  calcium  carbonate,  CaOCO..,  which  con- 
sequently is  precipitated,  and  can  be  removed.  The  actual  reaction 
vb'hich  takes  place  in  this  softening  process  is  represented  by  the 
formula  CaO  +  Ca02C0.j  =  2CaOCO.,.  The  fine  precipitate  of  calcium 
carbonate  requires  some  time  to  settle  and  leave  the  softened  water 
clear ;  and,  consequently,  in  certain  softening  powders,  some  alumina 
is  mixed  with  the  lime  to  hasten  the  settling  of  the  precipitate.  AVater 
ifter  being  softened  has  been  found  to  contain  less  organic  matter  than 
t>efore,  which  must  be  due  to  the  precipitated  calcium  carbonate 
:*anying  down  with  it  the  very  finely  divided  organic  matter  in  sus- 
pension in  the  water. 

In  order  to  compare  the  relative  hardness  of  different  waters,  a 
scale  has  been  adopted  in  which  each  grain  of  calcium  salts  contained 
in  a  gallon  of  water,  is  represented  by  i'^  of  hardness;  and  all 
nraters  containing  more  than  5"^  on  this  scale,  or  over  five  grains  of 
calcium  salts  in  a  gallon,  are  denoted  as  hard.  The  waters  of  some 
rivers  from  which  supplies  are  obtained,  are  decidedly  hard,  such  for 
instance  as  the  Thames  with  15^,  or  even  more,  of  hardness,  and  the 
Trent  with  27°;  whilst  the  water  from  chalk  wells  usually  exceeds  20°, 
ind  is  occasionally  mucli  harder.  Where  the  hardness  is  mainly  due  to 
:alcium  bicarbonate,  as  in  Thames  water  and  wells  from  the  chalk,  it 
:an  be  for  the  most  part  removed  by  the  softening  process,  by  which 
A'ater  of  22°  has  been  reduced  to  5°  ;  but  so  far  as  the  hardness  consists 
>f  calcium  sulphate,  it  cannot  be  reduced,  so  that  the  Trent  water,  with 
81°  of  its  hardness  due  to  this  salt,  must  remain   i)ermanently  hard. 
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The  composition  of  river  water  varies  with  the  discharge  of  the  river, 
being  mainly  derived  from  springs  in  dry  weather,  and  from  the  flow  of 
rainfall  off  the  ground  in  flood-time ;  whilst  the  matter  carried  down  in 
suspension  increases  with  the  velocity  of  the  current,  and  the  flow  off 
the  ground. 

Distribution  of  Water. 

The  distribution  of  the  water  from  the  service  reservoirs  is  efiected 
by  cast-iron  mains,  which,  on  reaching  the  town,  branch  off  along  each 
street,  from  which  the  service  pipes  to  the  several  houses  diverge.  Tht 
mains  and  service  pipes  should  be  laid  at  least  3  feet  below  the  surface 
of  the  ground,  to  be  secure  from  injury  by  the  passing  traffic,  and  to 
be  protected  from  frost,  especially  in  the  event  of  any  stoppage  of  the 
flow,  which,  in  very  severe  weather,  may  result  in  the  freezing  of  the 
water  in  shallow-laid  mains,  thereby  cracking  them,  and  causing  the 
cutting  off  of  the  water-supply  from  a  whole  district  for  a  long  period ; 
and  each  service  pipe  should  be  controlled  by  a  stop-cock  before 
entering  the  house,  so  that  the  water  may  be  shut  off  in  the  event  of 
an  accident  in  the  house,  or  for  repairs,  without  interfering  with  the 
general  supply.     The  discharge  through  pipes  can  be  calculated  with 

+  41*6 

accuracy  by  the   simplified  formula,  D  =  AV  =  .^     Av  RS 

I  -f  "^V  ^ 

where  D  is  the  discharge  in  cubic  feet  per  second,  A  the  sectional  area 
of  the  flow  in  square  feet,  V  the  velocity  in  feet  per  second,  n  the  co- 
efficient of  roughness,  varying  between  0*009  ^'^^  0*04,  R  the  hydraulic 
radius  in  feet,  and  S  the  slope.  Tables,  moreover,  have  been  calculated 
from  this  formula  for  the  most  ordinary  sizes  of  pipes  and  falls,  which 
greatly  facilitate  the  determination  of  the  requisite  sizes  of  pipes  and 
culverts  under  the  conditions  usually  met  with  in  practice.^ 

Supply  of  Water  required  per  Head  of  Population.— The 
volume  of  water  required  for  supplying  any  town  or  district  is  reckoned 
in  gallons  per  head  per  day,  so  that,  having  determined  the  quantity  10 
be  supplied  per  head,  it  is  only  necessary  to  multiply  it  by  the  population 
to  be  supplied  to  obtain  the  daily  volume  which  has  to  be  provided; 
whilst  the  future  probable  increase  in  the  demand  which  has  to  be  taken 
into  consideration  in  selecting  a  source  of  supply,  depends  upon  the 
estimated  growth  of  population  during  the  period  to  be  provided  for 
in  the  scheme.  The  estimated  supply  per  head,  which  necessarily 
varies  with  the  habits  of  the  population,  does  not  merely  deal  ^ith 
domestic  supply,  which  depends  largely  on  the  frequency  of  water-closets 
and  l^aths,  but  also  includes  watering  the  streets  and  roads,  flushing  the 
sewers,  water  for  stables  and  gardens,  and  special  supplies  for  trade  and 
manufacturing  purposes,  fountains,  and  extinguishing  fires,  mainly 
determined  by  the  conditions  of  each  locality. 

^  *' Canal  and  Culvert  Tables,"  2nd  edition,  L.  D'A.  Jackson,  pp.  129-179. 
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The  actual  consumption  in  different  towns  exhibits  a  very  wide 
range,  being  ver}'  small  in  the  absence  of  water-closets  and  baths,  and 
with  a  careful  administration,  and  large  where  baths  are  ver)*  common, 
the  demand  for  public  purposes  or  trade  requirements  is  considerable, 
and  where  waste  is  not  kept  under  control.  An  average  consumption 
with  a  plentiful  supply  kept  under  supervision  as  regards  waste,  and 
under  normal  conditions,  may  be  estimated  at  from  25  to  35  gallons  per 
head  per  day.  The  consumption  is  lowest  during  the  cold  winter 
months,  and  reaches  a  maximum  in  the  hottest  summer  months. 

Intermittent  and  Constant  Supply. — Formerly,  with  the 
object  of  preventing  waste,  a  cistern  in  each  house  adapted  to  its  size 
was  filled  with  water  from  the  main,  by  turning  on  the  water  for  a  short 
period  once  or  twice  a  day ;  and  by  this  means  the  consumption  was 
limited  to  the  contents  of  the  cistern  between  the  periods  of  tuniing  on 
the  water ;  and  the  supply  to  be  provided  could  be  ver)-  closely  estimated, 
and  was  only  required  at  fixed  periods.  These  open  cisterns,  however, 
were  exposed  to  various  sources  of  contamination,  and  were  rarely 
cleaned  out  j  water  might  not  be  available  in  an  emergency ;  and  in  the 
event  of  a  fire,  perilous  delay  was  occasioned  by  having  to  summon  the 
turncock  before  water  could  be  procured.  Accordingly,  though  the 
old  system  is  still  in  existence  in  several  places,  the  constant  system  of 
supply  is  being  generally  adopted. 

A  constant  supply  is  obtained  by  drawing  the  water  through  the 
service  pipe  direct  from  the  main,  under  the  pressure  due  to  the  head 
provided  by  the  elevation  of  the  service  reservoir,  so  that  the  water  is 
always  obtainable  fresh  from  the  main,  without  being  exposed  to 
pollution,  and  to  any  extent  required.  The  increased  pressure,  however, 
involved  in  changing  from  an  intermittent  to  a  constant  service,  neces- 
sitates careful  overhauling  and  modification  of  the  house  fittings,  to 
prevent  leakage,  which,  in  a  constant  service,  if  unchecked,  may  greatly 
raise  the  general  consumption,  and  impose  extravagant  demands  upon 
the  water-supply. 

Prevention  of  Waste. — Waste  can  onh  l)c  i)re vented  witli  a 
constant  supply,  by  insisting  upon  the  provision  of  suitable  screw-tlown  tajjs, 
and  proper  ball-cocks  for  the  flushing  cisterns,  with  the  overflow  pipe  so 
placed  that  any  escape  of  water  cannot  fail  to  be  observed  ;  and  the 
sources  of  waste  and  the  need  for  repairs  can  be  detected  at  night,  when 
the  flow  is  mainly  due  to  waste,  by  measuring  the  flow  with  a  waste- 
water meter  temporarily  attached  at  a  suitable  point  on  tlie  main  where 
waste  is  suspected,  and  by  further  locating  the  escape  by  a  sounding  !)ar, 
which,  when  put  in  contact  with  a  pipe,  renders  any  flow  audible  in 
applying  the  ear  to  the  upper  end  of  the  bar.'  Having  thus  localized  the 
origin  of  the  waste,  an  ins|)ection  of  the  houses  to  which  the  waste  has 
been  traced,  enables  the  cause  to  be  detected,  and  the  waste  to  be 
stopped  by  repairs  or  other  measures.  Leakage  and  careless  waste  of 
water,  if  unattended  to,  are  liable  to  become  so  great  in  the  aggregate, 
that  their  prevention  serves  to  reduce  notably  the  annual  cost  of  the  supply, 

'  Proceedings  Inst.  C.E.j  vol.  xlii.  p.  143;  .and  vol.  cxvii.  p.  147. 
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and,  moreover,  by  enabling  the  supply  to  be  extended  to  a  larger  area, 
defers  the  period  when  additional  capital  has  to  be  expended  in  providing 
an  increase  in  the  supply. 

Water-Meters. — Large  supplies  of  water  for  trade  purposes  are 
commonly  measured  by  meter,  and  charged  for  according  to  the  quantity 
supplied;  but  domestic  supplies  in  England  are  usually  paid  for  in 
proportion  to  the  rateable  value  of  the  house,  and  are  charged  for  even 
when  a  breakdown,  or  a  fracture  of  the  mains  prevents  the  proper  supply 
being  delivered.  This  convenient  arrangement  for  the  water  companies 
may  be  one  of  the  reasons  why  the  system  of  payment  by  meter  has 
been  so  little  extended  in  this  country ;  but  payment  according  to  the 
actual  quantity  of  water  supplied,  is  evidently  the  fair  system,  and  would 
powerfully  conduce  to  the  prevention  of  waste.  Two  objections  have 
been  raised  against  the  use  of  meters  for  domestic  water-supply,  namely, 
the  cost  of  supplying  meters  to  all  the  small  houses,  and  the  inexpediency 
of  encouraging  the  poorer,  population  in  large  towns  to  restrict  their  use 
of  water.  Water-meters,  however,  can  now  be  supplied  at  a  moderate 
cost,  and  have  been  successfully  introduced  into  some  large  cities,  as 
for  instance  in  Berlin  in  1878;  and  it  would  be  easy  to  get  over  the 
objections  brought  against  the  system  of  payment  by  meter,  either  by 
retaining  the  existing  system  for  houses  below  a  certain  rental,  or  by 
making  a  fixed  minimum  charge  for  the  quantity  of  water  considered 
requisite  in  small  tenements,  and  only  beginning  to  charge  by  meter,  in 
such  cases,  for  any  excess  of  water  beyond  the  sanitary  allowance 
provided  for. 

There  are  two  kinds  of  water-meters,  namely,  positive  or  piston 
meters,  and  inferential  or  turbine  meters.  Positive  meters  measure  the 
actual  quantity  of  water  supplied,  by  admitting  the  water  into  a  cylinder 
of  a  known  capacity,  at  the  bottom  and  top  alternately,  thereby  moving 
a  piston  up  and  down  the  cylinder,  the  strokes  of  which  are  recorded  by 
suitable  wheel-work.  Inferential  meters  contain  a  small  turbine  which 
is  turned  by  the  flow  of  the  current  passing  through  the  meter ;  and  the 
rate  of  rotation,  varying  with  the  velocity  of  influx,  affords  a  measure  of 
the  quantity  of  water  supplied,  as  recorded  on  an  index.  Positive 
meters  are  the  most  accurate,  and  record  correctly  very  small  flows  of 
water;  whereas  turbine  meters  are  cheaper,  and  though  sometimes 
liable  not  to  revolve  under  a  small  flow  turned  on  very  slowly,  they  are 
sufficiently  correct  in  recording  supplies  under  ordinary  conditions,  if 
periodically  inspected. 

Different  Supplies  for  Special  Purposes. — ^Whilst  a  higher 
standard  of  purity  is  being  required  for  the  water  supplied  for  domestic 
use,  water  of  unquestionable  purity  is  becoming  year  by  year  more 
diflicult  to  obtain  in  very  populous  countries ;  and  therefore  pure  water 
has  often  to  be  procured  at  a  large  cost  from  long  distances ;  or  a 
considerable  expenditure  has  to  be  incurred  in  the  adequate  purification 
of  river  water,  generally  much  nearer  at  hand,  but  gradually  becoming 
more  liable  to  pollution,  owing  to  the  constant  increase  of  population 
along  the  valley  of  the  river.  Much  of  the  water  thus  supplied  at  a 
large  cost,  is  used  for  purposes  for  which  pure  water  is  not  at  aU  needed ; 
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the  problem  of  procuring  an  adequate  supply  of  pure  water  for  a 
ily  increasing  population,  would  be  greatly  simplified  if  any 
irified  sources  of  supply  in  the  neighbourhood  could  be  utilized 
watering  the  streets,  flushing  the  sewers,  extinguishing  fires,  and 
ufacturing  purposes,  reserving  the  more  costly  pure  supply  of  water 
iomestic  use.  This  system  has  already  been  to  some  extent  resorted 
1  Paris,  where  the  streets  are  watered  and  the  sewers  flushed  with 
;r  drawn  direct  from  the  Seine ;  whilst  water  for  supplying  the 
ses  is  obtained  from  the  purest  tributaries  in  the  higher  part  of  the 
le  basin,  deriving  a  considerable  part  of  their  flow  from  springs 
le* chalk.  In  the  event  of  London  obtaining  the  proposed  supply 
wire  water  from  the  Welsh  hills,  the  water  drawn  from  the  Thames 
the  Lea  might  be  used  unfiltered  for  ordinary  municipal  purposes, 
the  extinction  of  fires ;  whilst  the  pure  Welsh  supply  would  ver}- 
intageously  replace  the  river  water  for  domestic  consumption.  A 
licate  system,  indeed,  necessitates  two  lines  of  mains ;  but  a  large 
:nsion  of  the  water-supply,  to  meet  the  demands  of  a  rapidly  increasing 
ulation,  might  be  secured  by  laying  down  a  second  line  of  mains 
the  municipal  supply,  and  restricting  the  old  mains  to  the  increasing 
lestic  consumption,  instead  of  providing  a  line  of  larger  mains  to 
vey  the  extended  supply. 


CHAPTER   XXXIV. 
SEWERAGE  WORKS. 

Enhanced  importance  and  difficulty  of  sewage  disposal — Primitive  methods, 
objections,  in  rural  districts — Precautions  to  be  adopted  in  houses,  traps, 
ventilation,  disconnection,  flushing — Sewers,  conveniently  carried  along 
roads,  materials  used  :  forms,  object  of  egg-shape,  circular  form  suitabk 
for  very  small  and  large  sewers,  ordinary  typical  sections,  Paris  sections 
with  bench,  importance  of  uniformity  of  current  in  sewers,  inadequate 
fall  rectified  by  pumping — Outfall  sewers,  object,  large  size  necessar)* ; 
arrangement  of  London  northern  outfall  sewer ;  Clichy  outfall  scwcf, 
section,  object,  methods  of  construction  with  shield  and  centerings; 
Clichy  to  Herblay  outfall,  construction,  description,  pumping  stations, 
siphons,  capacity — Removal  of  deposit  from  sewers,  methods  of  tem- 
porary flushing,  reservoirs  for  flushing — Storm  overflows,  to  relieve 
sewers,  arrangement — Ventilation  of  sewers,  importance,  openings  in 
roadway,  shatts,  manholes,  inlets  for  fresh  air,  artificial  methods— 
Hydro-pneumatic  ejector  for  lifting  sewage,  description,  advantages- 
Separation  of  rain-water  from  sewage,  advantages,  interception  of  foul 
water  from  streets,  objection  to  cost  of  double  system  of  sewers, 
conditions  for  adoption  of  the  separate  system. 

The  increase  of  population  and  its  concentration  in  large  towns,  the 
growing  demands  for  improved  sanitar}'  conditions,  and  the  urgent 
necessity  of  preventing  the  pollution  of  rivers  and  streams  which  may 
be  required  for  water-supply,  have  greatly  enhanced  the  importance, 
and  augmented  the  difficulties  of  providing  efficient  systems  of  sewage 
disposal. 

Primitive  Methods  of  Sewage  Disposal. — The  midden  system, 
in  which  the  crude  sewage  was  collected  in  a  heap,  sometimes  for 
considerable  periods,  and  only  occasionally  removed  and  placed  on  the 
land,  is  now  universally  condemned.  Earth,  or  dry-ash  closets  provide 
a  less  offensive  system,  and  one  in  which  the  sewage  is  more  conveniently 
disposed  of  on  the  land,  and  furnish  a  suitable  method  of  disposal  in 
rural  districts.  The  pail  system  has  also  been  extensively  employed  in 
some  towns  in  the  north  of  England,  notably  in  Rochdale,  and  supplies 
a  mode  of  readily  removing  undiluted  sewage.  The  objection,  however, 
to  these  systems  in  towns  consists  in  their  not  dealing  with  the  whole 
of  the  sewage;  and  the  polluted  water  from  sinks,  sculleries,  and 
stables,  has  to  be  collected  in  sewers  and  dealt  with. 
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Where  water-closets  are  used,  the  whole  of  the  liquid  refuse  from  each 
>use  and  stables  is  often,  in  country  districts,  led  by  drains  into  a 
"ick-lined  underground  cesspool,  where  the  solids  settle  at  the  bottom, 
id  the  overflow  is  occasionally  discharged  into  a  ditch,  or  is  more 
^mmonly  led  into  an  underground  tank,  from  which  it  is  periodically 
Umped  up  and  led  by  troughs  to  different  parts  of  a  garden  or  field ; 
nd  when  the  solids  have  nearly  filled  the  cesspool,  they  are  removed 
t  night  to  manure  land  in  the  neighbourhood.  This  system,  however, 
hough  suitable  and  economical  for  the  disposal  of  the  sewage  of  houses 
Ending  in  fair-sized  gardens,  which  can  be  thus  irrigated  and  manured 
by  the  liquid  refuse,  is  not  expedient,  even  in  country  villages,  for 
cottages  with  little  or  no  gardens. 

I^ecautions  to  be  adopted  in  Houses. — Every  pipe  in  a  house 
eading  to  a  drain,  should  be  efficiently  trapped  by  an  adequate  seal  of 
rater  provided  by  a  suitable  bend  in  the  pipe,  so  that  there  may  be  no 
langer  of  sewer  gas  penetrating  into  the  house.  Each  closet  should  be 
onnected  as  directly  as  possible  with  the  soil  pipe  on  the  outside  of  the 
touse ;  and  the  soil  pipe  should  be  ventilated  by  being  itself  carried  up 
bout  4  feet  above  the  roof  and  left  open  at  the  top,  or  by  a  separate 
mailer  pipe,  protected  from  being  blocked  up  with  leaves  by  a  wire 
overing  over  its  outlet ;  and  the  scullery  sink  outlet  pipe,  and  all  other 
utlet  pipes,  should  discharge  freely  outside  into  an  open  gully  trap  near 
le  ground-level,  connected  with  the  drain.  Flushing  cisterns  of  from 
to  3  gallons  capacity  should  be  provided  for  the  water-closets,  and 
larger  flushing  cistern  in  the  scullery,  for  periodically  scouring  out 
le  dr^n  where  the  sink  gully  discharges  its  contents,  which  is  liable  to 
^e  blocked  by  accumulations  of  grease  and  become  very  foul. 

Sewers. — In  cities  and  towns,  and  also  in  large  villages  where  a 
eneral  system  of  drainage  is  adopted,  sewers  have  to  be  constructed 
Dr  collecting  the  flow  from  the  house  drains,  and  conveying  the  sewage 
3  the  place  of  discharge,  whatever  method  of  disposal  may  be  resorted 
0.  The  sewers  are  generally  carried  along  under  the  streets  and  roads, 
rhere  they  receive  the  sewage  from  the  houses  on  each  side,  can  be 
eadily  inspected  by  providing  manholes  in  convenient  places,  can  be 
flficiently  ventilated,  and  can  be  repaired  or  enlarged  by  merely  taking 
,p  the  road.  The  4-inch  house  drains,  and  small  6-inch  to  18-inch 
ewers,  are  made  of  glazed  stoneware  pipes,  except  where  having  to  be 
arried  near  the  surface,  and  therefore  subjected  to  the  shocks  of  heavy 
'ehicles,  iron  pipes  have  to  be  adopted  ;  but  masonry,  brickwork,  and 
oncrete  are  used  for  the  larger  sewers,  iron  pipes  being  only  substituted 
D  exposed  positions,  and  for  siphons  and  river  and  other  crossings. 

The  forms  commonly  adoj)ted  for  tlie  principal  sewers,  are  the  egg- 
haped  section  for  the  branch  sewers,  and  a  circular  section  for  the 
arger  main,  collecting,  and  outfall  sewers.  The  flow  through  sewers  is 
'ery  variable,  the  sewage  from  houses  being  largest  in  the  morning, 
iecreasing  towards  midday,  increasing  again  somewhat  in  the  evening, 
md  falling  very  low  during  the  night ;  the  influx  of  refuse  from 
aanufactories  is  more  regular,  but  introduces  great  variations  in  the 
ihemical  composition  of  the  sewage ;  whilst  the  greatest  fluctuations  in 
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ihe  flow  occur  when  the  lainfall  is  conveyed  away  by  the  sewers.  The 
resulting  irregularities  in  the  discharge,  combined  with  the  small  amount 
of  fall  obtainable  in  flat,  low-lying  districts,  render  it  very  importtni  to 
provide  a  channel  which  shall  offer  the  least  possible  hindrance  to  i 
small  flow,  and  thereby  avoid  an  undue  checking  of  the  current  leading 
to  the  deposit  of  the  sediment.  This  is  most  effectually  accomplished 
by  an  egg-shaped  sewer,  which,  with  Its  narrow  channel  nt  ihe  bottom 
(Fig.  353),  offers  less  friclional  resistance  to  the  (low  than  a  circnlar 
sewer  having  the  same  sectional  area,  owing  to  the  smaller  extent  of  ihe 
sides  wetted  by  the  current,  resulting  in  a  superior  hydraulic  mean  depth, 
so  that  the  velocity  of  the  current  is  better  maintained.  In  house  i^im 
and  small  sewers,  the  small  radius  renders  the  curvature  adequate  at 
the  bottom,  and  the  fait  can  generally' be  made  larger  for  the  short 
distances  traversed ;  whilst  in  the  larger  main  and  intercepting  sewcrt, 
and  particularly  in  large  outfall  sewere,  the  larger  and  more  uaifotn 
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flow   makes   the  simpler  and  more   economical  circular   form  quite 
satisfactory. 

Typical  sections  of  branch  and  main  sewers  are  given  in  Figs.  JJ] 
to  356.  The  first  section  shows  the  form  of  egg-shaped  sewer  verj 
commonly  adopted  at  the  present  day,  with  a  bottom  block  ur  invert  of 
glazed  stoneware  or  blue  brick,  having  a  flat  bed.  which  simplifies  itw 
construction,  and  renders  the  bottom  more  stable  and  easier  to  lay.  I" 
soft  or  treacherous  ground,  a  bedding  of  concrete,  enclosing  the  kiwR 
half  of  the  sewer,  secures  the  work  from  disturbance  and  strengthen*  'i 
(Fig.  353).  The  ordinary  form  for  the  larger  main  sewers  is  circnlK. 
with  a  thickness  proportional  to  the  si^e  of  the  sewer  and  the  jHrsant 
of  earth  on  it ;  and  the  sewer  is  bedded  in  concrete  where  tht 
ground  is  soft,  and  the  foundation  unreliable'  (Fig.  354I.  In  P»nt, 
[  '  fVixeaiiHgt  /nit.  C.E.,  vol.  sriv,  plMf  >0. 
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provision  has  long  been  made  for  facilitating  the  inspection  of  the 
large  sewers,  by  constructing  flat  benches  at  the  side  along  which  men 
can  walk ;  and  this  plan  has  been  more  recently  extended  to  the  egg- 
shaped  branch  sewers,  by  forming  a  bench  along  the  bottom  at  one 
side,  and  the  channel  suitable  for  a  small  flow  on  the  other  side 
adjacent  to  the  bench  *  (Fig.  355).  The  usual  form  of  sewer  laid  under 
the  main  streets  in  Paris,  is  shown  in  Fig.  356,  where  between  the 
benches  a  comparatively  narrow  channel  is  provided,  with  a  well-curved 
invert  at  the  bottom,  to  facilitate  small  discharges.  The  Paris  sewers 
are  made  of  very  ample  section,  as  they  are  utilized  as  subways  for  the 
water-pipes  placed  on  brackets  high  up  at  the  sides,  and  also  for  under- 
ground telegraph  and  telephone  wires. 

The  size  of  the  sewers  must  be  proportional  to  the  maximum 
estimated  discharge  with  the  available  fall.  To  prevent  the  accumula- 
tion of  sediment  in  the  sewers,  the  current  should  be  as  uniform  as 
practicable,  which  necessitates  a  larger  fall  being  given  to  the  branch 
sewers  with  their  very  variable  flow ;  whilst  the  main  sewers,  collecting 
the  discharge  of  the  branch  sewers  leading  into  them,  as  well  as  that  of 
the  house  drains  of  the  street  along  which  they  pass,  can  be  given  a 
smaller  fall  on  account  of  their  greater  and  more  uniform  discharge. 
The  available  fall,  and  consequently  the  size  of  the  sewers  for  a  given 
maximum  discharge,  depends  upon  the  conditions  of  the  locality 
drained,  and  the  distance  and  relative  level  of  the  outfall  sewer  into 
which  the  sewage  is  eventually  discharged.  In  low-lying  districts, 
where  the  fall  is  inadequate  in  relation  to  the  distance:  to  which  the 
sewage  has  to  be  conveyed,  an  artificial  fall  has  to  be  created  by 
raising  the  sewage  at  a  suitable  place,  by  pumping  or  an  ejector,  from 
its  low-level  sewer  to  another  constructed  at  a  higher  level.  ^Vilere  a 
town  is  built  at  different  elevations,  it  is  divided  into  districts,  which  are 
served  by  sewers  laid  at  suitable  levels. 

OutfiAll  Sewers. — Where  the  sewage  of  a  town  has  to  be  conveyed 
some  distance  ofi"  to  the  place  of  discharge,  an  intercepting  and  outfall 
sewer  has  to  be  constructed  to  receive  the  collected  sewage  of  tht:  town 
and  carry  it  to  its  destination.  These  outfall  sewers  have  necessarily  to 
be  made  of  large  capacity,  in  proportion  to  the  maximum  How  of  sewage 
they  may  have  to  receive  ;  but  owing  to  the  large  area  from  which  they 
collect  the  sewage,  the  volume  of  li<iuid  passing  through  thcni  is 
generally  sufficient  to  keep  them  tolerably  free  from  deposit  with  a 
moderate  fall,  which  is  often  all  that  can  be  ])rovidecl. 

The  section  of  the  outfall  sewer  conveying  the  London  sewage,  on 
the  north  side  of  the  Thames,  from  the  Abbey  Mills  Pumping  Station 
to  the  sewage  reservoir  at  Harking,  whence,  after  preci|)itation  of  the 
solids  and  purification,  it  is  discharged  into  the  river  during  the  earlier 
part  of  the  ebb  tide,  is  shown  in  Fig.  357,  p.  548.-  The  sewage  of  London 
along  the  north  side  of  the  Thames  is  collected  into  three  lines  of  sewers, 

'  •*  Smlubrite  urbainc,  Distribiilionsd'Eau,  Assainisscmcnt,'  G.  Bt^hmann,  Paris, 
1888,  p.  573  ;  and  Annales  des  Fonts  d  Chausstvs^  1895  (i),  plate  3,  fig.  3. 

•  ''Metropolitan  Main  Drainage  and  Intercepting  Works.  Contract  Drawings," 
Sir  J.  W.  Baxalgette,  London,  1859-73. 
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'  consisting  of  a  high-k-vtl,  a  middle-level,  and  a  low-level  sewet.  conver|^ng 

together  to  Abbey  Mills,  where  the  sewage  of  the  low-level  sewer  and  the 

Isle  of  Dogs  branch,  is  raised  36  feel  by  pumps  to  ibe  level  of  the  Wu 

other  sewers ;  and  the  whole  of  the  sewage  is  conveyed  to  Barking  by  Ihe 

outfall  sewer,  formed  of  three  similar  culverts  running  side  by  side,    'riicse 

culverts  are  built  within  a  single  structure  of  brickwork  laid  with  a  («ll 

I  of  X  feet  per  mile,  founded  for  the  most  part  on  a  thick  bed  of  concrete, 

I  taken  down  through  the  peat  of  the  marshes  to  a  solid  stratum  of  gravel 

1  ,(Fig.3S7);  but  for  about  1 3  miles  near  Barking,  where  the  layer  of  prai 

a  considerable  thickness,  it  is  carried  on  brick  arches  supported  00 

\  concrete  piers,  11  feet  apart,  founded  upon  the  gravel  j  and  the  whole 

Structure  is  encased  in  an  earthen  embankment  with  side  slopes,  beir^ 

raised  above  the  low-lying  marshes,  and  carries  a  roadway  on  the  lop. 

The  outfall  sewer  near  Abbey  Mills  is  conveyed  over  two  railwayti,  1 

I  road,  and  a  watercourse,  by  cast'iron  culverts  similar  in  dimensions  to 
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the  brick  culverts;  but  further  on,  the  roads  are  crossed  by  the  briii 
culverts  on  bridges. 

The  new  Clichy  collecting  and  outfall  sewer,  of  which  a  cross  seoion 

is  given  in  Fig.  358,  is  built,  like  most  of  the  Paris  sewers,  of  rubiilr 

I  masonry  with  an  inside  lining  of  Portland  cement,  and  with  a  proceciio^ 

I  lining  on  the  upper  outside  part  of  a  thin  layer  of  cement  concrete  or  of 

I  Portland  cement,  and  with  side  benches  after  the  usual  Parb  type,  to 

facilitate  inspection  and  clearance  from  deposits  ; '  and  it  has  been  Iwi 

with  a  fall  of  i  in  zooo,  equivalent  to  3^  feet  per  niile.     This  scwcr  lu^ 

I  been  rendered  necessary  by  the  increased  discharge  involvetl  in  the 

decision  of  1894  to  suppress  all  cesspools  in  Paris,  and  remove  ir*«j- 

thing  by  the  sewers.     The  Clichy  sewer  derives  its  supply  from  some  o( 

the  large  coUectiiig  sewers  on  the  right  bonk  of  the  Seine,  and  thu*  hp 

relieved  the  Asni^res   collecting  and  outfall  sewer  on  the  right  liont 

kand  enabled  it,  by  a  siphon  under  the  Seine  a  little  above  tlic  Pont  ik 
la  Concorde,  in  its  turn  to  relieve  die  Alma  Bridge  sipbon,  jml  IIk 

lin  fl-itli  e!  Chamifts,  r895  (l).  p.  joji  aodplolf  3. 
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Marceau  outfall  sewer  going  from  this  siplion  to  Clichy,  which  was 
previously  overcharged  (Fig.  360,  p.  550).  These  three  large  outfalls 
unite  their  discharges  at  Clichy,  whence  the  sewage  is  lifted  by  pumps 
and  conveyed  across  the  Seine  for  irrigating  the  permeable,  alluvial  lands 
bordered  by  bends  of  the  Seine  at  Gennevilliers  and  Achtires.  A  portion 
of  the  Clichy  sewer  was  constructed  under  the  Boulevard  National  by 
the  process  of  tunnelling  with  a  shield,  where  the  cover  overhead  was 
only  from  10  feet  down  to  2^  feet,  in  order  to  avoid  the  great  incon- 
venience involved  in  the  complete  stoppage  of  a  large  traffic  converging 
into  Paris,  in  constructing  such  a  large  culvert  in  open  cutting  in  a  com- 
paratively narrow  roadway.*  Thirty-eight  cast-iron  centres,  bolted 
together  3^  feet  apart,  were  erected  immediately  behind  the  shield,  and 
not  merely  enabled  the  masonr}-  to  be  carried  forward  almost  directly 
after  the  completion  of  a  length  of  excavation  under  the  shelter  of  the 
shield,  but  also  served  as  a  support  for  the  hydraulic  presses  in  pushing 
forward  the  shield,  and  kept  the  su])erincumbent  earth  and  roadway  in 
place  after  the  withdrawal  of  the  shield  from  under  tliem  in  its  advance. 
This  portion  of  the  sewer,  near  the  surface,  has  a  length  of  5752  feet ; 
whilst  the  remainder,  lying  within  the  Paris  fortifications,  constnu^tcd  under 
a  second  contract  and  8450  feet  long,  was  similarly  executed  by  tunnel- 
ling, under  shelter  of  a  shield,  through  higher  ground,  so  that  the  invert 
of  the  sewer  attains  a  maximum  depth  of  128^  feet  below  the  surface. 
In  the  first  length,  the  arch  was  built  first,  and  the  lower  half  of  the 
sewer  was  subsequently  constructed  by  underpinning  as  the  work  pro- 
ceeded ;  whereas  in  the  second  length,  the  cast-iron  frames  were  made 
annular  to  the  full  elliptical  size  of  the  excavation  for  the  sewer,  braced 
together  only  2  feet  apart,  by  aid  of  which  the  whole  ring  of  the  sewer 
was  simultaneously  constructed. 

ITie  land  at  Gennevilliers  serves  only  for  the  purification  by  irriga- 
tion of  a  portion  of  the  sewage  formerly  delivered  at  (Hichy  and  by  the 
Northern  outfall ;  and,  consequently,  in  order  to  cease  jx)! luting  the 
Seine  below  Clichy,  and  to  provide  for  the  increased  discharge  resulting 
from  the  decree  of  1894,  it  was  necessary  to  extend  the  irrigated  area  to 
lands  lower  down  the  Seine  valley.  This  has  been  provided  for  by  the 
construction  of  a   new   outfall  sewer  from    Clichy  to   Herblay,  about 

9  miles  long,  from  which  a  branch  jxissing  under  the  Seine,  leads  the 
sewage  on  to  the  lands  of  Acheres  ;  whilst  a  prolongation  of  this  outfall 
in  the  future,  with  branches,  will  enable  further  lands  to  bt-  brought 
under  irrigation  for  the  disjwsal  of  an  in<'reaseil  volume  of  sewage'-' 
(Fig*  3^o>  P»  550)*  A  longitudinal  section  of  this  outfall  sewer  to  its  present 
termination  at  Herblay,  and  of  its  branch  to  Acheres,  is  shown  in  l«'ig.  359, 
p.  550.  This  sewer  is  constructed  for  the  greater  jiart  of  its  length,  namely 
from  Asnibres,  on  the  left  bank  of  the  Seine  oj)j)osite  Clichy,  to  the  Seine 
at  Colombes,  and  from  near  Argenteuil  to  Herblay,  as  a  circular  culvert, 

10  feet  in  diameter,  fomied  of  masonry,  or  of  concrete  or  cement  mortar 
strengthened  by  interlaced  iron  bars  or  bands  embedded  in  it,  laid  with 

'  AnnaU's  dts  Fonts  tt  Chaussx'es^  1897  (i,  i.),  p.  270,  and  plaU-  7. 
*  Ibid.^  1897  (I,  ii.),  p.  14.  and  plate  9. 
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t\  feet  per  mile,  in  which  the  sewage  flows  freely  under 
of  gravity.  The  culvert  was  cotistrucled  in  open  cutting  between 
Asm&res  and  Colombes,  of  an  annular  form  in  the  deeper  cutting  (Fig. 
36a),  and  with  a  Rat  base  in  lower,  very  soft  ground  (Fig.  361) ;  and 
hetwewi  .\rgenteuil  and  Herblay,  it  was  constructed  for  rather  over  half 
the  distance  in  tunnel,  and  the  remainder  in  cutting  and  embankment, 
on  arches,  and  over  a  bridge.  The  sewage  is  raised  1 9-  feet  at  Clichy  by 
pumping  it  into  a  lank,  from  which  it  passes  under  pressure  through  a 
siphon,  1520  feet  long,  formed  by  a  cast-iron  pipe,  7-^  feet  in  diameter, 
laid  is  a  tunnel  constructed  under  the  Seine  by  means  of  a  shield  and 
compressed  air,  and  discharged  into  the  culvert,  through  which  it  flows 
freely  from  Asni&res  to  Colombes  (Fig,  359).  At  Colombes  there  is  a 
second  pumping  station,  where  the  sewage  is  raised  under  pressure  a 
height  of  1 1 1  feet,  so  as  to  discharge  into  the  culvert  conveying  it  with 
a  free  How  10  Herblay  ;  and  the  sewage  is  carried  from  Colombes  over 
the  Seine,  under  the  roadway  of  a  bridge,  in  four  steel  pipes,  jf  feet  in 
diameter,  and  thence  by  two  pipes,  5  feet  11  inches  in  diameter,  formed 
for  part  of  their  length  of  steel,  and  the  remainder  of  cement  slrength- 
eaed  by  iron  framing.  The  branch  from  the  end  of  the  outfall  sewer  al 
Herblay  lo  tht-  Achferes  domain,  consists  of  two  cast-iron  pipes,  3^  feet 
in  diameter,  dipping  down  to  the  Seine,  and  conveying  the  sewage  under 
pressure  to  the  siphon  crossing  under  the  Seine,  671  feet  long,  composed 
of  two  wrought-iron  pipes  of  the  same  diameter,  which  were  weighted 
with  old  rails  and  lowered  into  a  trench  dredged  in  the  bed  of  the  river, 
and  then  protected  by  a  layer  of  cement  concrete ;  and  the  sewage  is 
led  from  the  siphon  right  on  to  the  land  al  Achferes,  about  2470  acres  in 
extent,  by  two  pipes  of  cement  strengthened  by  iron,  1755  feet  long. 
This  outfall  sewer  would  be  capable  of  conveying  a  flow  of  344  cubic 
feet  per  second ;  whereas  the  present  discharge  from  the  Paris  sewers 
is  only  about  half  that  amount,  so  that  a  good  provision  has  bcv^n 
made  for  future  increase.  Access  to  the  sewer  has  been  provided  lor 
by  about  six  manholes,  on  the  average,  per  mile,  two  types  of  which, 
where  the  sewer  is  near  the  surface,  and  at  some  depth  below, 
respectively,  are  shown  in  Figs.  363  and  364. 

Removal  of  Deposit  from  Sewers. — The  heavier  matters  carried 
into  the  sewers,  especially  from  the  streets,  are  liable  to  deposit  when 
the  flow  is  small,  and  impede  the  dischaige.  The  sand  and  crushed 
stone  from  the  streets  is  to  some  extent  kept  from  reaching  the  sewers 
by  providing  catchpits  under  the  gullies ;  and  the  amount  of  this  heavy 
matter  which  finds  its  way  into  the  sewers,  has  been  considerably 
reduced  by  the  substitution  of  asphalt  and  wood  paving  for  macadam. 
Occasionally,  in  the  small  sewers,  the  sediment  has  to  be  removed  by 
hand  ;  hut  generally  flushing  is  resorted  to,  sometimes  by  placing  a 
temporarj-  barrier  across  the  sewer,  and  suddenly  removing  it,  or  allow- 
ing the  pent-up  water  to  rush  out  underneath  it,  which  harrier  is  moved 
by  hand,  by  a  trolley,  or  in  the  large  sewers  by  a  boat.'  The  siphon 
crosiiing  the  Seine  at  the  Alma  Bridge  in  Paris,  is  scoured  out  by  intr&- 
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• 
ducing  at  its  upper  end  a  wooden  ball  a  little  smaller  in  diameter  than 
the  pipe,  so  that  as  the  ball  is  carried  through  the  siphon  by  the  flow  of 
sewage,  a  strong  sluicing  current  is  produced  underneath  the  floating 
ball,  forcing  forward  the  sediment  as  it  advances.  The  clearance,  how- 
ever, is  most  conveniently  effected,  especially  in  small  sewers,  by  pro- 
viding flushing  tanks  at  suitable  places,  filled  with  water,  which  by 
being  rapidly  emptied  create  a  powerful  scouring  current.  The  requisite 
sluicing  is  also  sometimes  carried  out  by  pouring  down,  through  an 
opening  into  the  sewer,  a  stream  of  water  from  a  large  hose  connected 
with  the  hydrant  of  a  wat^r-main. 

Storm  Overflows. — Where  the  rainfall  in  a  town,  as  well  as  the 
sewage,  passes  down  the  sewers,  the  flow  in  the  sewers  may  become 
very  large  on  the  occurrence  of  a  very  heavy  fall  of  rain  during  a  brief 
period,  which  runs  rapidly  off  roofs,  pavements,  and  roads,  into  the 
sewers.  When  a  sewer  becomes  overcharged,  the  water  rises  in  the 
manholes  or  any  other  exits  it  may  find,  and  is  liable  to  flood  the  streets 
and  basements  of  the  houses ;  but  excessive  falls  of  rain  occur  so  rarely, 
that  it  would  be  unduly  onerous  to  have  to  construct  larger  sewers 
throughout,  in  order  to  provide  a  sufficient  capacity  to  cope  with  these 
exceptional  cases.  Accordingly,  these  unusual  discharges  are  afforded 
a  vent  through  storm  overflows,  which  furnish  a  direct  channel  for  the 
surplus  discharge  into  the  sea,  estuary,  river,  or  neighbouring  water- 
course, reached  by  an  aperture  at  the  side  of  the  sewer  as  soon  as  the 
water  in  the  sewer  rises  above  the  height  at  which  the  sill  of  the  aperture 
is  placed.  By  this  means,  the  sewers  are  preserved  from  being  over- 
charged during  the  short  periods  of  excessive  rainfall  at  long  intervals 
apart ;  whilst  the  chance  of  pollution  by  the  influx  of  some  of  the  dis- 
charge from  the  sewers  direct  into  the  river,  is  minimized  by  the  large 
volume  of  rain-water  with  which  the  sewage  is  diluted,  as  well  as  by  the 
circumstance  that  this  connection  only  occurs  during  a  period  when  the 
river  is  likely  to  be  in  flood,  and  therefore  for  a  time  unfitted  by  its 
condition  to  serve  as  a  source  from  which  to  draw  water  for  the  supply 
of  towns. 

Ventilation  of  Sewers. — The  fluctuations  in  the  flow^  in  a  sewer, 
causing  variations  in  its  liquid  contents,  would  produce  corresponding 
variations  in  the  pressure  on  the  air  in  a  closed  sewer,  so  that  the  air 
inside  would  be  liable  to  force  a  passage  through  the  traps,  and  intro- 
duce sewer  gas  into  the  houses.  Moreover,  it  is  very  important  to  get 
rid  of  the  noxious  emanations  from  decomposing  sewage  as  rapidly  as 
possible,  so  that  they  may  not  collect,  and  eventually  find  a  vent  into 
])laces  where  they  might  prove  very^  deleterious  to  health.  The  necessary 
change  of  air,  accordingly,  in  sewers  has  to  be  accomplished  by  pro- 
viding ojxinings  for  the  escape  of  the  foul  gases  at  frequent  intervals, 
depending  on  the  volume  and  nature  of  the  sewage,  and  the  con- 
ditions of  the  locality.  These  openings  are  sometimes  made  at  the 
surface  in  the  centre  of  the  street,  in  which  case  it  is  expedient  to  make 
the  issuing  gas  come  in  contact  with  some  deodorizing  material  below 
the  roadway ;  but  it  is  preferable  to  provide  special  ventilating  shafts 
emitting  the  gases  above  the  traffic  in  the  streets,  and  away  from  houses, 
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as  for  instance  at  shelters  or  lamps  in  the  centre  of  the  streets,  and  in 
open  spaces  at  the  side  of  the  roads  in  suburban  districts.  Manholes 
also  are  soroetimes  utilized  as  ventilators  (Fig.  364,  p.  550),  Inlets  for 
the  admission  of  fresh  air  have  lo  be  provided  at  a  lower  level  than  the 
outlet  shafts ;  but  as,  under  the  variable  conditions  in  a  sewer,  and 
alterations  in  atmospheric  influences,  an  inlet  b  liable  occasionally  to 
Ijecome  an  outlet,  if  it  is  unadvisable  for  this  change  to  occur  at  any 
special  place,  a  tiap-valve  must  be  provided  to  close  the  inlet  against  an 
outgoing  cutrent  of  air. 

Arti6cia!  ventilation  can  be  obtained  by  producing  a  continuous 
current  of  air  through  a  sewer,  by  drawing  air  out  from  the  outlet  at  its 
upper  end  by  the  draught  of  a  furnace  with  a  high  chimney ;  or  an 
upward  current  can  be  created  in  a  high  shaft  by  the  revolution  of  a 
fiin,  as  in  the  ventilation  of  tunnels.  A  simple  expedient  for  promoting 
ventibtion  up  small  shafts  in  streets,  is  by  making  the  shaft  furnish  the 
necessary  supply  of  air  to  a  gas  lamp  placed  above  its  outlet. 

B;cU«-pnenmatic  Ejector  for  lifting  Sewage. — In  place  of_ 
centrifugal  and  lift  pumps,  an  ejector,  worked  by  compressed  aii 
socnelimes  used  for  raising  sewage 

from  a  low-level  sewer  to  another  mydwopneumatic  ejeotor- 

al  a  higher  elevation,  in  order  lo  Fig  366.   Crn«8BtUon. 

compensate  for  a  deficiency  in  fall 
in  low-lying  districts.  The  sewage 
flows  into  the  cast-iron  ejector  E, 
through  the  inlet  pipe  A  (Fig.  365), 
and  SIhng  the  ejector  up  to  the 
underside  of  the  bell  B  at  the  top, 
encloses  the  air  in  this  bell ;  and 
in  continuing  to  rise  outside  the 
liell,  it  finally  compresses  this  air 
«ufficiently  to  lift  the  bell  and 
spindle,  so  as  10  open  the  valve  V. 
admining  compressed  air  into  the 
ejector.  The  compressed  air  ruhh- 
ing  in,  drives  the  sewage  out  at 
the  bottom  of  the  ejector,  into  the 
rising  outlet  pipe  D,  through  which 
it  passes  to  the  higher  level  required.' 
Directly  the  sewage  in  the  ejector  has  fallen  below  the  full  cup  C 
sufficiently  to  leave  it  unsupported,  the  cup  descending  by  its  own 
weight,  pulls  down  the  bell  and  spindle  to  their  original  position, 
closing  Uie  compressed-air  valve,  and  enabling  the  compressed  air  in 
the  ejector  to  escape.  As  soon  as  the  pressure  in  the  ejector  is 
ranored,  the  valve  Fat  Ihebottomoftheoutlet  pipe  closes,  and  the  valve 
Q  ^  the  bottom  of  the  inlet  pipe  opens,  and  admits  a  fresh  charge 
ni  sewage,  to  be  raised  similarly  to  a  higher  level  by  a  repetition  of  die 
cyde  of  operations  just  described.     The  main  advantages  claii 
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the  ejector  are,  that  there  are  no  parts  liable  to  be  injured  by  the  action 
of  the  sewage  or  of  grit  upon  them,  or  to  get  out  of  order ;  there  is  a  free 
passage  provided  throughout  for  the  solids  in  the  sewage ;  the  heavier 
solids,  falling  to  the  bottom  of  the  receptacle,  are  first' ejected  into  the 
outlet  pipe  by  the  compressed  air;  a  powerful  flush  of  liquid  is 
discharged  into  the  upper  sewer  at  each  emptying  of  the  ejector ;  and 
the  ejector  forms  a  complete  severance  between  the  lower  and  upper 
sewers.  Several  ejectors  can  be  worked  from  one  central  compressing- 
air  station,  enabling  a  town  to  be  readily  divided  into  several  minor, 
independent  drainage  districts. 

Separation  of  Rain-water  from  Sewage. — ^The  addition  of 
rain-water  to  the  sewage  produces  great  irregularities  in  the  flow, 
necessitates  considerably  larger  sewers  and  the  provision  of  storm 
overflows,  increases  the  difficulties  of  sewage  disposal  by  the  augmented 
volume  to  be  dealt  with,  and  though  diluting  the  efliuent,  renders  any 
process  of  purification  more  costly  and  tedious.  Accordingly,  it  is  very 
advantageous  to  keep  the  rainfall  and  subsoil  waters  out  of  the  sewers : 
but  in  many  cases,  especially  in  large  towns  where  the  volume  to  be 
provided  for  is  the  greatest,  as  for  instance  in  London  and  Paris,  the 
separation  of  the  rainfall  from  the  sewage  has  been  considered 
impracticable.  In  the  smaller  towns,  however,  and  in  suburban 
districts,  the  separation  has  often  been  satisfactorily  effected ;  and  the 
problem  of  dealing  with  the  sewage  has  been  thereby  much  simplified. 

The  objection  has  been  raised  against  the  separate  system,  that  it 
involves  the  discharge  of  foul  water  from  the  streets  direct  into  the  nearest 
river  or  watercourse ;  but  this  difficulty  has  been  obviated  by  allowing 
the  dirty  water  from  the  first  washing  of  a  street  by  a  shower,  to  drop 
straight  through  an  opening  into  the  sewer,  which,  as  the  flow  increases 
in  volume  and  velocity,  the  current  leaps  over  when  the  water  has 
bt  come  much  purer  after  the  initial  cleansing.  Moreover,  the  rainfall 
falling  off  the  cleansed  street,  and  passing  down  the  gullies  direct  to  the 
river,  is  not  liable  to  contain  impurities  nearly  so  dangerous  to  health, 
as  certain  infected  matters  often  carried  down  in  the  sewage,  which, 
though  mu(^h  diluted,  may  find  an  exit  into  the  river  during  heavy 
rainfalls,  through  the  storm  overflows. 

In  large  towns,  the  cost  and  inconvenience  of  laying  a  second 
system  of  drains  and  sewers  throughout,  so  as  to  separate  the  rainfall 
from  the  sewage,  offer  a  very  serious  obstacle  to  the  introduction  of 
this  method ;  but  in  smaller  towns,  especially  when  a  large  extension  or 
reconstruction  of  the  sewers  has  to  be  effected,  it  may  be  possible  to 
utilize  the  old  sewers  for  the  rainfall,  and  to  construct  a  complete 
network  of  new  sewers  for  the  sewage,  on  the  most  approved  modem 
principles.  In  suburban  and  rural  districts,  moreover,  particularly  when 
a  system  of  sewerage  is  being  introduced  for  the  first  time,  the  rain-water 
may  be  left  to  its  former  means  of  efflux,  and  be  excluded  from  the 
sewers,  which,  under  these  conditions,  need  only  be  made  of  adequate 
size  for  the  conveyance  of  the  sewage ;  and  thus  the  Drainage  Boards 
are  relieved  from  the  unnecessary  burden  of  having  to  provide  for  the 
disposal  of  the  rainfall. 


CHAPTER   XXXV. 
DISPOSAL   OF   SEWAGE. 

Methods  of  disposal,  direct  into  a  tidal  estuary  or  the  sea,  irrigation,  precipi- 
tation of  soHds,  bacterial  purification — Discharge  of  sewage  into  a  tidal 
estuary  or  the  sea,  arrangements  of  outfall,  discharge  aided  by  pump- 
ing ;  outfall  sewers  for  discharge  of  sewage  at  a  distance,  for  Torquay 
and  Brighton,  inadequate  for  London,  clarification  adopted ;  object  of 
system — Irrigation  of  land  with  sewage,  difficulties,  requirements ;  two 
systems— Broad  irrigation,  conditions,  methods  of  distribution,  volumes 
of  sewage  used  for  Berlin  and  Paris  sewage  farms,  rest  essential,  crops 
—  Intermittent  irrigation,  with  limited  areas  of  land,  ridge  and  furrow 
system  of  distribution,  rest  and  digging  up  required — Chemical  processes 
for  the  treatment  of  sewage,  clarification  by  precipitation  of  solids, 
sludge  and  effluent ;  lime  process,  merits,  objections  ;  ferrous  sulphate 
and  lime  used  at  Barking  and  Crossness,  ferric  salts  preferable ;  the 
A.B.C.process ;  ferrozone  and  polarite  process,  mode  of  action ;  no  system 
universally  applicable,  owing  to  great  differences  in  sewage  and  local 
conditions — Electrolytic  processes,  similarity  to  chemical  processes  ; 
sewage  decomposed  by  electrical  currents,  mode  of  action ;  decomposition 
of  sea-water  by  electricity,  used  as  disinfectant — Settling  and  pre- 
cipitation tanks,  ordinary  open  tanks,  construction,  method  of  working  ; 
cylindrical  tanks,  description,  method  of  working  ;  modified  cylindrical 
tank  with  series  of  chambers,  mode  of  working — Disposal  of  sewage 
sludge,  pumped  into  vessels  for  deposit  in  the  sea  ;  dr>ing  of  sludge  by 
evaporation,  absorption  of  moisture,  or  heat  ;  filter  press  forming  solid 
cakes  of  sludge,  value  of  sludge,  difficulty  of  disposal,  occasionally 
burnt  in  destructor — Bacterial  purification  of  sewage,  varieties  of 
bacteria,  anaerobic  and  aerobic  bacteria  in  sewage  decomposition, 
changes  effected  in  three  stages,  nature  of  changes  :  best  conditions 
not  complied  with  in  irrigation  ;  septic  tank  and  filtration,  upward 
filtration— Concluding  remarks. 

With  the  increase  of  population  and  the  growth  of  towns,  the  simple 
plan  of  discharging  sewage  direct  into  the  nearest  river,  stream,  or 
watercourse,  so  that  it  may  be  carried  seawards  by  the  current,  has  had 
to  be  abandoned  in  many  parts.  In  very  populous  countries,  only 
towns  situated  on  a  tidal  estuary  or  the  seacoast  can,  without  danger  to 
health  or  of  polluting  a  possible  source  of  water-supply,  discharge  their 
sewage  direct  into  the  adjacent  estuary  or  the  sea  ;  and  even  towns  so 
situated  have  generally  been  obliged,  for  their  own  sakes,  to  prolong 
their  outfall  sewers  to  low  water  or  beyond,  at  points  where  the  ebbing 
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tide  carries  the  sewage  well  away  from  their  neighbourhood,  and  in 
some  cases,  with  this  object,  to  construct  an  intercepting  and  outfall 
sewer  conveying  the  sewage  to  a  distant  outlet. 

Inland  towns  and  large  villages  in  the  centre  of  populous  districts, 
being  debarred  from  any  direct  discharge  of  their  sewage,  have  been 
obliged  to  resort  to  preliminary  methods  of  purification,  and,  more 
particularly  in  the  neighbourhood  of  rivers,  to  some  system  furnishing  an 
innocuous  effluent.  Three  principal  methods,  varying  largely  in  details, 
have  been  applied  to  the  purification  of  sewage  discharged  from  sewers, 
namely,  (i)  Irrigation  of  land,  or  sewage  farms;  (2)  Precipitation  of 
organic  matters  by  various  chemical  processes,  thereby  separating  the 
sewage  into  deposited  sludge  and  a  purified  effluent ;  and  (3)  Bacterial 
purification  of  sewage  by  septic  tanks,  or  by  upward  filtration. 

Discharge  of  Sewage  into  a  Tidal  Estuary  or  the  Sea.— 
This  system  merely  consists  in  carrying  the  sewage  by  one  or  more 
outfalls,  at  suitable  points,  to  an  estuary  or  the  sea,  and  discharging  it 
if  possible  during  the  earlier  portion  of  the  ebb,  so  that  it  may  not  be 
brought  back  by  the  returning  flood  tide ;  and  a  hinged  flap  at  the 
extremity  of  the  outlet,  closes  the  opening  as  soon  as  the  outside 
pressure  of  the  water,  with  a  rising  tide,  exceeds  that  of  the  issuing 
current,  and  thus  prevents  the  tidal  water  flowing  up  the  sewer.  In  a* 
large  estuary  or  the  sea,  the  discharge  of  the  sewage  is  often  allowed  to 
proceed  unchecked  so  long  as  the  level  of  the  tide  outside  permits, 
trusting  to  the  mixture  of  the  sewage  with  the  tidal  water,  or  the  distance 
of  the  outlet,  to  prevent  the  creation  of  a  nuisanpe.  This  plan  has  the 
advantage  of  prolonging  considerably  the  period  of  discharge,  and  thus 
reducing  the  reservoir  space  needed  to  receive  the  flow  when  the  outlet 
is  closed  by  the  tide.  A  reservoir  has  to  be  provided,  or  the  sewer  has 
to  be  enlarged  towards  its  outlet,  to  aflbrd  sufficient  capacity  for  the 
collection  of  the  sewage  during  the  closure  of  the  outlet,  depending  upon 
the  level  of  the  outlet,  the  rise  of  the  tide,  and  the  volume  of  sewage 
brought  down.  Where  the  outfall  sewer  is  at  a  low  level,  the  direct 
discharge  of  the  sewage  may  be  impracticable,  or  the  available  tidal 
period  of  too  short  duration  to  complete  the  discharge ;  and  pumping 
must  then  be  employed  for  effecting  or  completing  the  discharge,  as 
exemplified  by  the  London  Southern  Outfall  sewer  at  Crossness,  117 
feet  in  diameter  and  having  a  fall  of  2  feet  per  mile,  where,  owing  to 
the  requirement  of  discharging  the  sewage  during  the  first  two  hours  of 
the  ebb,  the  sewage  has  to  be  pumped  up  into  a  reservoir,  6^  acres  in 
area,  with  a  lift  of  from  10  to  30  feet,  from  which  it  is  discharged  into 
the  Thames  within  the  requisite  period. 

Where  a  seaside  town  is  situated  in  a  bay,  the  conditions  are  un- 
favourable for  a  direct  outfall,  as  the  sewage  is  not  effectually  carried 
away  by  the  sea  in  a  sheltered  position,  and  therefore  is  liable  to  pollute 
the  beach.  Accordingly,  the  sewage  of  Torquay  has  been  carried  by 
an  outfall  sewer  to  an  outlet  into  the  open  sea  beyond  Torbay,  within 
the  shelter  of  which  bay  Torquay  is  situated.*     Moreover,  where  the 

'  Proceedings  Inst.  C,E.^  vol.  Ixi.  p.  144,  and  platen  4  and  5. 
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sea  bordering  a  large  town  is  much  frequented  by  pleasure  boats,  direct 
outfalls,  even  if  quite  unobjectionable  as  regards  the  town,  may  lead  to 
unpleasant  appearances  in  the  sea  near  the  shore  on  calm  days.  On 
this  account,  the  eight  Brighton  outfall  sewers  which  formerly  discharged 
into  the  sea  in  front  of  the  town,  were  intercepted  some  years  ago  by  a 
main  outfall  sewer,  7^  miles  long,  which  conveys  the  sewage  of  Brighton 
and  Hove  to  Rottingdean,  about  three  miles  to  the  east  of  the  town, 
where  the  run  of  the  tides  and  the  prevailing  westerly  winds  prevent 
its  return  in  front  of  the  town.* 

The  main  drainage  of  London,  which  in  1864  and  1865  diverted 
the  sewage  of  the  metropolis  from  the  Thames  within  the  metropolitan 
area,  to  northern  and  southern  outfalls  in  the  river,  about  11  and  13 
miles  respectively  below  London  Bridge,  effected  a  great  purification  of 
the  river  in  the  neighbourhood  of  London,  and  appeared  for  a  time  to 
Hhve  solved  the  problem  of  the  disposal  of  the  sewage  of  London. 
Before  long,  however,  it  became  evident  that  the  pollution  had  been, 
to  a  considerable  extent,  only  transferred  to  a  more  remote  and  wider 
part  of  the  river  nearer  the  sea.  Eventually,  in  1887,^  works  were 
undertaken  for  the  clarification  of  the  sewage  by  precipitation  with 
chemicals,  so  that  only  the  liquid  products  are  discharged  into  the 
river ;  whilst  the  sludge,  which  settles  in  tanks,  is  pumped  into  special 
vessels  which  convey  it  out  to  sea  for  deposit.  Consequently,  the 
disposal  of  the  London  sewage  is  no  longer  a  simple  discharge  of 
sewage  direct  uito  a  tidal  river,  as  originally  arranged ;  but  it  furnishes 
an  instance  of  the  treatment  of  sewage  by  chemical  means  on  a  very 
large  scale. 

The  only  aim  of  the  system  of  discharging  sewage  into  an  estuar}* 
or  the  sea,  is  to  get  rid  of  an  insanitary  nuisance  in  the  cheapest 
possible  way  consistent  with  health ;  and  this  forms  the  sole  justification 
for  such  a  system.  The  system  often  involves  large  expenses  to  render 
it  perfectly  safe;  it  requires  a  favourable,  open  situation,  with  tidal 
currents  and  prevalent  winds  tending  to  promote  the  removal  of  the 
discharge ;  and  the  opportunities  for  its  application  are  comparatively 
limited. 

Irrigation  of  Land  with  Sewage.— -The  restoration  to  the  land 
of  the  constituents  which  have  in  a  large  measure  been  derived  from 
it,  appears  to  conform  to  natural  laws;  but  various  obstacles  present 
themselves  at  the  outset.  Land  near  a  town  for  a  sewage  farm  is  liable 
to  be  costly;  and  the  price  is  enhanced  by  the  opposition  generally 
offered  by  adjoining  landowners,  for  fear  that  land  used  for  such  a 
purpose  would  depreciate  the  value  of  the  contiguous  property.  Land 
at  some  distance  might  be  cheaper;  but  it  involves  more  extensive 
works  for  bringing  the  sewage  to  the  land,  and  renders  the  produce  of 
the  farm  more  difficult  to  dispose  of.  Such  land,  moreover,  should  be 
permeable  and  somewhat  loamy,  for  soils  of  this  nature  oxidize  and 
purify  the  effluent  more  readily,  and  can  bear  a  greater  dose  of  sewage 
without  becoming  swampy  and  sour,  than  impermeable  soils  like  clay, 
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which  is  liable  to  pass  sewage  through  its  cracks  without  purification, 
and  requires  considerable  preparation  to  fit  it  for  irrigation.  The  land 
also  should,  if  possible,  be  at  such  a  level  in  relation  to  the  town,  that 
the  sewage  can  be  conveyed  by  gravitation,  as  pumping  necessarily 
adds  considerably  to  the  yearly  cost. 

Sewage  irrigation  would  be  very  valuable  for  certain  crops  if  the 
sewage  could  be  applied  in  a  somewhat  concentrated  form,  in  the  exact 
quantities,  and  at  the  particular  periods  required ;  but  this  is  not  the 
way  in  which  a  sewage  farm  of  limited  extent  can  be  conducted.  The 
sewage  must  be  disposed  of  over  the  land  with  regularity,  and,  if 
combined  with  the  rainfall,  in  larger  quantities  in  wet  weather,  when 
the  land  could  dispense  with  it,  than  in  fine  weather.  By  the  adoption, 
however,  of  the  separate  system,  the  supply  of  sewage  corresponds 
approximately  to  the  consumption  of  water,  and  is  consequently  larger 
in  hot,  dry  weather  than  in  the  winter,  and  corresponds,  therefore,  more 
nearly  to  irrigation  requirements ;  but  the  difficulty  of  disposal  is  not 
thereby  entirely  removed,  owing  to  the  unsuitability  of  surface  irrigation 
for  certain  plants  at  particular  stages  of  their  growth. 

Two  systems  of  irrigation  have  been  conunonly  adopted,  namely, 
Broad  Irrigation,  and  Intermittent  Irrigation,  or  Intermitteht  Downward 
Filtration. 

Broad  Irrigation  with  Sewage. — Broad  irrigation  is  adopted 
where  an  ample  area  of  sloping  land  is  available  for  surface  irrigation  ; 
and  the  sewage  is  gradually  distributed  over  the  land.  On  very  sloping 
ground,  a  series  of  contour  drains  are  formed,  into  which  the  flow 
from  the  land  above  is  successively  received  and  distributed  by  over- 
flow to  the  land  below ;  and  on  flat  land,  the  main  distributing  channels, 
formed  of  brickwork,  concrete,  or  stoneware,  are  carried  at  intervals  of 
about  40  feet,  on  somewhat  raised  parallel  ridges,  from  which  the  liquid 
is  distributed  down  the  gently  sloping  ground  on  each  side.  The 
amount  of  sewage  that  can  be  advantageously  distributed  over  the  land 
necessarily  depends  on  the  nature  of  the  soil.  On  the  Berlin  sewage 
farms,  where  there  is  a  moderate  depth  of  light  soil,  the  volume  of 
sewage  that  can  be  disposed  of,  consistently  with  due  purification,  is 
equivalent,  on  the  average,  to  between  2000  and  3000  gallons  per  acre 
per  day,  though  larger  volumes  have  been  often  applied ;  and  on  the 
Paris  sewage  farms,  the  regulation  quantity  is  about  1000  gallons  per 
acre  per  day,  applied  at  intervals  of  three  to  five  days  according  to 
the  crops.  Unless  the  soil  consists  of  a  thick  layer  of  permeable  soil, 
under-draining  is  necessary  to  prevent  the  land  becoming  waterlogged. 
It  is  important,  moreover,  to  avoid  the  formation  of  a  layer  of  slime  on 
the  surface,  resulting  from  excessive,  and  too  constant  sewage  irrigation ; 
and  the  land  is  preserved  in  the  best  condition,  and  the  most  satisfactory 
results  are  obtained,  when  the  waterings  are  alternated  with  good 
intervals  of  rest,  allowing  time  for  the  production  of  the  requisite 
chemical  changes,  and  the  final  aeration  of  the  sewage.  Various  kinds 
of  market-garden  produce,  small  fruit  such  as  strawberries,  and  certain 
grasses  and  root  crops  have  been  very  successfully  cultivated  on  this  system. 

Intermittent  Irrigation  with  Sewage. — Often  the  amount  of 
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suitable  land  obtainable  is  limited,  or  the  cost  of  an  adequate  area  for 
broad  irrigation  is  too  great,  or  the  land  is  too  flat  to  allow  of  a  regular 
surface  flow  over  it;  and  in  such  cases,  intermittent  irrigation,  with 
thorough  under-drainage,  is  adopted.  This  is  practically  a  process  of 
filtration  through  land,  the  chief  object  being  to  pass  as  much  sewage 
on  to  the  restricted  area  of  land  as  possible,  consistently  with  an 
adequate  purification  of  the  eflluent,  the  benefit  of  the  crops  being 
quite  a  secondary  consideration  in  this  case;  though  certain  special 
crops  are  cultivated  successfully  imder  this  system.  The  sewage  is 
sometimes  spread  over  the  land  as  in  a  tank,  which  thus  serves  as  a 
simple  filter ;  but  as  this  course  is  liable  to  injure  the  leaves  of  the  crops 
at  certain  periods,  a  preferable  system  consists  in  laying  out  the  land  in 
broad,  flat  ridges  directly  over  the  lines  of  drains,  with  wide  furrows 
between.  The  sewage  is  then  admitted  to  the  furrows,  which  resemble 
wide,  shallow  ditches,  till  they  are  nearly  filled,  causing  the  liquid  to 
percolate  lateraUy  to  the  roots  of  the  vegetables  and  root  crops  grown 
on  the  ridges,  on  its  way  to  the  under-drains,  and  thus  irrigates  the 
crops  without  injuriously  affecting  them  during  their  growth.  This 
irrigation  must  be  conducted  intermittently,  so  that  ample  periods  of 
rest  may  prevent  the  land  becoming  choked  with  sewage;  and  the 
ground  should  be  frequently  dug  up  or  ploughed,  so  as  to  break  up 
the  slimy  layer  which  forms  on  the  top  as  a  result  of  the  filtration  of 
the  liquid,  and  to  enable  the  soil  to  recover  from  the  effects  of  its 
large  dose  of  sewage  by  being  well  aerated.  When  the  soil  is  some- 
what ill-adapted  for  irrigation,  it  may  be  necessary  to  resort  to  some 
treatment  of  the  sewage  with  chemicals  before  applying  it  to  the  land  ; 
but  in  such  a  case,  the  purification  is  really  a  chemical  process,  with 
merely  a  further  improvement  of  the  effluent  by  irrigation. 

Chemical  FroceBBes  for  the  Treatment  of  Sewage. — A  great 
variety  of  processes  have  been  tried  for  purifying  sewage  by  mixture 
with  one  or  more  chemical  reagents.^  The  results  attained  by  the 
most  successful  processes,  consist  in  a  more  or  less  efficient  clarification 
of  the  sewage  by  the  precipitation  of  the  suspended  solids,  and  a  CL-rtain 
reduction  in  the  organic  matters  contained  in  the  effluent,  mainly  owing, 
no  doubt,  to  the  effect  of  the  precipitation  (as  in  the  process  of  softening 
water)  in  drawing  down  the  very  fine  organic  particles  in  suspension, 
and  in  some  cases  perhaps  on  account  of  a  slight  chemical  action  on 
the  liquid.  In  all  the  processes,  the  sewage  is  separated  into  two 
portions,  namely,  the  solid  precipitate  known  as  sludge,  which  settles 
to  the  bottom  of  the  tank  in  which  the  process  is  applied,  and  has 
generally  to  be  dried  and  pressed  before  it  can  be  disposed  of,  and  the 
effluent,  which  is  drawn  off'  from  the  tank  in  a  purified  condition  in 
proportion  to  the  efficacy  of  the  process  employed,  and  is  discharged 
into  the  nearest  watercourse,  or  in  some  cases  is  further  jmrified  by 
irrigation  on  land.  As  chemicals  can  do  little  more  than  clarify  the 
sewage,  and  they  increase  the  bulk  to  be  dealt  with,  the  quantities  used 

*  "Sewage  Disposal  Works,'*  2n(!  Edition,  W.  Santo  Crimp,  pp.  67  to  104  ;  and 
••  Sanitary  Engineering,"  and  Kdition,  Colonel  E.  C.  S.  Moore,  K.E.,  pp.  540  to  567. 
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for  purification  should  be  kept  down  as  low  as  is  consistent  with  the 
requisite  precipitation. 

Lime  has  been  extensively  used  for  the  precipitation  of  sewage, 
either  alone  as  milk  of  lime  well  stirred  up  with  the  liquid,  or  preferably 
as  lime  water,  or  in  conjunction  with  other  inorganic  substances.  Lime 
is  efficient  as  a  precipitant,  and  cheap ;  but  unless  the  sewage  is  veiy 
acid  from  the  refuse  products  of  certain  manufactures,  the  lime  renders 
the  effluent  alkaline,  favouring  decomposition  of  organic  matters  when 
discharged  into  rivers,  and  injurious  to  fish.  Accordingly,  though  the 
alkalinity  may  be  reduced  by  ample  aeration,  in  being  made  to  flow 
down  a  series  of  steps  in  its  course  to  the  river,  the  effluent  from  the 
lime  process  is  liable  to  prove  a  nuisance  in  rivers  during  hot  weather; 
and  generally  lime  should  only  be  used  in  conjunction  with  some  other 
salts.  The  addition  of  a  sroall  proportion  of  choride  of  lime,  or  bleach- 
ing powder,  has  been  found  beneficial  in  the  lime  process ;  and  salts  of 
aluminium  and  iron  have  often  been  used  in  conjunction  with  lime. 
Ferrous  sulphate,  or  copperas,  and  lime  are  used  for  precipitating  the 
solids  in  the  London  sewage  at  Barking  and  Crossness,  before  dis- 
charging the  effluent  into  the  Thames.*  Ferric  salts  are  superior  to 
ferrous  salts,  both  as  precipitants  and  in  oxidizing;  but  copperas 
possesses  the  advantage  of  cheapness.  The  A.B.C.  process  was  at 
one  time  much  advocated,  its  title  being  derived  from  the  first  letters 
of  its  original  constituents,  namely,  alum,  blood,  and  clay,  though  the 
blood  has  been  abandoned  and  charcoal  substituted;  and  in  this 
process,  the  alum  acts  as  the  clarifier,  and  the  charcoal  and  clay  as 
deodorizers.  In  a  somewhat  recently  introduced  process,  ferozone, 
consisting  mainly  of  ferrous  sulphate,  magnetic  oxide  of  iron,  and  some 
silica,  is  the  precipitant,  and  the  resulting  effluent  is  filtered  through 
polarite,  composed  chiefly  of  magnetic  oxide  of  iron  ^ith  silica;  and 
good  results  are  obtained  by  the  ferrous  sulphate  precipitant  being  aided 
in  producing  rapid  subsidence  by  the  heavy  magnetic  oxide,  which  oxide 
of  iron,  moreover,  forming  the  main  constituent  of  the  filter,  acts  as  a 
powerful  oxidizer  of  the  organic  impurities  in  the  effluent. 

Amongst  the  numerous  chemical  processes  which  have  been  tried 
for  the  purification  of  sewage,  some  of  them  with  satisfactory  results 
in  particular  instances,  not  one  of  them  has  been  found  imiversally 
applicable,  or  so  superior  to  the  rest  as  to  be  undoubtedly  the  best. 
This  may  be  traced  to  the  variable  conditions  and  dilution  of  sewage, 
the  differences  introduced  by  manufacturing  refuse  and  other  extraneous 
sources  of  pollution,  the  relative  cost  of  the  clarifying  substances  at 
different  places  and  their  influence  on  the  effluent,  the  standard  oi 
purity  required  for  the  effluent,  depending  on  the  special  circumstances 
of  the  locality,  the  volume  of  sewage  requiring  treatment,  the  plant 
and  method  of  working  adopted,  and  the  care  and  skill  exercised  in 
conducting  the  process. 

Electrolytic  Processes. — Chemical  changes  produced  by  electrical 
action  have  been  used  in  two  ways  for  the  purification  of  sewage ;  an^ 

'  Ptoceedings  Inst.  CE.^  vol.  acxix.  p.  80. 


LECTROLYSIS   FOR  SEWAGE:  PRECIPITATION.      56 1 

I  processes  differ  only  from  chemical  processes  in  the  purifying 
its  being  produced  by  electrolysis,  instead  of  being  applied  directly, 

the  advantage  generally  attributed  to  salts  or  gases  in  a  nascent 
\j  of  entering  more  readily  into  combination  with  substances  they 

come  in  contact  with  in  this  state,  than  under  ordinary  conditions, 
[n  one  electrolytic  process,  the  sewage  is  made  to  flow  between  iron 
liuninium  electrodes.  The  electric  current  decomposes  the  liquid 
ige,  causing  chlorine  and  oxygen  to  be  liberated  at  the  positive 
:,  thereby  deodorizing  and  purifying  the  sewage ;  and  when  iron 
BS  are  used,  the  iron  salts  formed  by  the  electrolysis  precipitate  the 
is.  When,  however,  the  much  more  costly  aluminium  plates  are 
pted,  the  aluminium  hydrate  produced  acts  as  the  precipitant.  An 
^on  has  been  raised  against  this  system,  that  some  of  the  sewage 
able  to  pass  the  electrodes  without  being  brought  under  the  action  of 
electric  current.^ 

In  the  second  process,  sea-water,  or  a  solution  of  magnesium  and 
um  chlorides,  is  decomposed  by  electricity,  the  magnesium  chloride 
ig  converted  into  magnesium  hydrate,  which  is  deposited,  and 
ochlorous  acid,  which  acts  as  a  disinfectant.  The  liquid  thus 
iuced  is  either  added  to  the  sewage  at  the  head  of  the  sewer,  or 
sed  to  flush  the  water-closets  and  drains. 
Settling  and  Preoipitation  Tanks. — The  sewage  to  be  clarifled 

SETTLING  AND   PRECIPITATING  TANK. 
Fig.  366.— Longitudinal  Section. 
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some  chemical  process,  is  discharged  from  the  sewer  into  a  tank, 
er  by  gravitation,  or,  if  necessary,  by  the  aid  of  pumps,  though  it 
ears  expedient,  if  practicable,  to  dispense  with  pumping,  as  it  has 
n  found  to  retard  the  precipitation  by  subdividing  and  introducing 
bubbles  into  the  solids.  The  tanks  are  usually  rectangular  and  oblong 
hape,  and  a  few  feet  in  depth,  open  at  the  top,  and  with  the  bottom 
ping  down  towards  the  inlet,  lined  with  brickwork  faced  with  a 
ting  of  cement  or  with  concrete  (Fig.  366);  and  they  are  generally 
structed  above  ground,  so  that  they  may  be  emptied  by  gravitation, 
.  the  outer  walls  protected  by  an  embankment  against  them.    At  some 

*  **  Sewage  and  the  Bacterial  Purificalion  of  Sewage,"  S.  Rideal,  p.  150. 
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places,  however,  as  for  instance  at  Frankfort  on  the  Main,  tbcy  in 
placed  underground  and  covered  over,  enabling  the  sewage  to  flow  inlo 
the  tanks  direct,  but  necessitating  the  pumping  up  of  the  effluent  for 
discharging  it  into  the  river.  By  means  of  cross  walls,  over  whirh 
the  liquid  has  to  How,  and  intermediate,  floating  scum  boards,  undcT 
which  it  has  to  pass,  a  due  circulation  of  the  li<juid  in  its  flow  abog 
the  tank  is  ensured ;  and  the  heavier  parts  of  the  sewage,  and  thf 
precipitate  formed  from  the  other  solids  by  chemical  reagents,  selile 
gradually  to  the  bottom  of  the  tank.  During  the  influx,  the  cxces 
of  clarified  liquid  Hows  out  at  the  far  end ;  and  at  intervals,  vdien  in 
adequate  quantity  of  sludge  has  been  collected,  tbe  liquid  above  ii  ii 
drawn  off  at  the  far  end,  through  a  hinged,  sloping  pipe  in  connection 
with  the  outlet,  which  is  so  attached  to  a  float  at  iLs  upper  end,  thai  its 
orifice  is  always  kept  a  hitle  below  the  surface  as  the  liquid  is  dnnni 
off,  thereby  avoiding  the  influx  of  the  scum  floating  on  the  top.  Wheii 
the  liquid  has  been  removed,  the  sloping  bottom  enables  the  sludge 


^^^fto  be  readily  drawn  off  through  a  pipe  at  the  inkt  end  of  i     ^ 
^^^  Sufl^cient   tanks  must  be  provided  to  receive  the  sewage  during  1 

drawing  off  of  the  liquid,  and  removal  of  the  sludge,  from  one  or  more 

tanks,  and  to  allow  for  occasional  cleaning  out. 

Where  the  space  available  for  tanks  is  very  limited,  cylindrical  lankt 

sunk  down  into  the  ground,  with  an  inverted  conical  bottom  for  reo 

and  concentrating  the  sludge,  have  been  adopted  (Fig.  367). 
I  system  was  first  resorted  to  at  Dortmund,  where  the  sewage  , 
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becomes  very  foul,  owing  to  the  fermenting  of  large  quantities  of  the 
refuse  from  numerous  breweries ;  and  the  ordinary  precipitating  tanks 
proved  unsatisfactory  from  the  nuisance  caused  by  the  putref3dng  sludge, 
and  are  now  only  used  as  settling  tanks  previously  to  the  treatment  of 
the  sewage.  After  being  mixed  with  the  precipitating  chemicals,  the 
sewage  is  passed  down  a  pipe  in  the  centre,  to  the  bottom  of  the 
cylinder,  where  it  is  distributed  through  the  whole  area  of  the  cylinder 
by  wooden,  radial  arms,  and,  gradually  rising  through  the  suspended 
flocculent  matter,  effects  a  thorough  admixture  of  the  chemicals  with 
the  solids  of  the  sewage,  which  finally  accumulate  at  the  bottom  of  the 
inverted  cone.  The  purified  effluent,  rising  to  the  top,  passes  off  through 
overflow  channels  to  its  destination ;  and  the  sludge,  whose  settlement 
18  promoted  by  the  conical  form  of  the  lower  part  of  the  tank,  is 
periodically  drawn  off  by  suction  into  exhausted  receivers,  through  a 
central  pipe  dipping  down  nearly  to  the  bottom  of  the  tank,  and 
communicating  with  the  receivers  at  the  top,  from  which  the  sludge 
is  readily  forced  out  by  merely  placing  them  in  communication  with 
the  open  air.  £ach  cylinder  at  Dortmund  is  about  30  feet  deep  and 
21^  feet  in  diameter;  and  the  cone  gives  an  additional  depth  to  the 
tank  of  about  18  feet.  The  sludge  is  said  to  tend  to  adhere  to  the 
sides  of  the  cone,  and  diminish  the  purity  of  the  effluent;  but  it  is 
evident  that,  provided  these  very  sloping  sides  are  made  smooth  and 
of  material  unaffected  by  sewage,  the  sludge  must  be  much  less  likely  to 
remain  on  them,  than  on  the  comparatively  fiat  bottom  of  an  ordinary 
precipitation  tank. 

Another  form  of  cylindrical  tank  with  an  inverted  conical  bottom,  is 
shown  in  Fig.  368.  This  arrangement,  which  was  first  adopted  at 
Nuneaton,*  consists  of  a  series  of  chambers,  into  which  the  treated 
sewage  passes  in  succession,  so  arranged  at  each  outlet  that  the  sewage 
has  to  pass  under  one  wall  and  over  the  next,  thereby  leaving  a  portion 
of  its  suspended  solids  in  each  chamber,  so  that  finally  it  passes  out  of 
the  last  chamber  to  the  outlet  as  a  duly  purified  effluent.  The  solids 
left  behind  by  the  sewage  in  each  side  chamber,  settle  to  the  bottom, 
and  are  periodically  discharged  through  sluiceways  into  the  central 
conical  receptacle,  in  which  the  sludge  accumulates,  and  from  which 
it  is  eventually  removed  by  pumping  or  other  means. 

Disposal  of  Sewage  Sludge.— The  sludge,  as  drawn  off  from  the 
precipitating  tanks,  is  too  liquid  to  be  dealt  with,  unless  it  merely  has 
to  be  pumped  into  vessels  and  taken  out  to  sea  for  deposit,  as  resorted 
to  at  Barking,  Crossness,  Manchester,  and  Sal  ford,  or  deposited  on  land 
and  buried,  as  adopted  at  Birmingham.  In  other  methods  of  disposal, 
the  drying  of  the  sludge  is  a  necessary  preliminary  process.  This  may 
be  effected  in  dry  countries,  partly  by  absorption,  and  partly  by 
evaporation,  by  discharging  the  liquid  sludge  into  a  wide  trench  ex- 
cavated in  porous  soil,  or  wholly  by  evaporation  in  tanks.  In  moist 
countries,  the  evaporation  may  be  accomplished  by  artificial  heat ;  but 
the  method  is  costly,  and  liable  to  create  a  nuisance  by  the  fumes  driven 
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off.  The  most  convenient  means,  however,  of  making  the  sludge  port- 
able, and  capable  of  being  utilized  as  manure,  is  by  pressing  out  the 
liquid,  and  forming  the  sludge  into  solid  cakes,  by  putting  the  sludge 
between  a  series  of  flat  plates  enclosed  within  jute  canvas,  or  other 
Altering  medium,  to  prevent  any  solids  passing  out  with  the  liquid,  and 
then  applying  pressure,  which  is  gradually  increased,  till  the  moisture 
has  been  forced  out,  and  only  the  solid  cakes  of  sludge  remain.  These 
cakes  can  then  be  employed  as  manure  on  the  land  ;  and  in  some  cases, 
the  solid  sludge  has  a  manurial  value  equivalent  to  ordinary  farmyard 
manure,  and  is  readily  disposed  of.  The  value  of  the  sludge,  however, 
as  manure  depends  upon  the  original  nature  of  the  sewage,  and  the 
chemical  process  used  for  its  precipitation ;  and  very  often  it  is  difficult 
to  get  rid  of  the  cakes  of  sludge,  sometimes  even  if  given  away. 
Accordingly,  in  some  instances,  the  dried  sludge  has  been  burnt  in 
the  furnace  of  a  destructor,  together  with  the  other  town  refuse ;  and 
under  such  conditions,  the  sludge  is  merely  a  waste  product  formed  in 
the  purification  of  the  effluent,  at  a  considerable  expense. 

Bacterial  Pariflication  of  Sewage.—Certain  occult  chemical 
changes,  such  as  fermentation,  have  been  somewhat  lately  found  to  be 
due  to  the  action  of  innumerable  living  micro-oiganisms,  known  under 
the  general  name  of  bacteria ;  and  the  decomposition  of  sewage  has 
been  recently  discovered  to  result  from  a  similar  cause.  Bacteria  are 
now  known  to  exist  in  a  variety  of  forms ;  and  whereas  certain  bacteria, 
generated  by  disease,  furnish  the  most  insidious  forms  of  infection,  and 
must  be  kept  out  of  any  water-supply  by  every  possible  means,  many 
kinds  of  bacteria  are  not  merely  innocuous,  but  actually  produce 
beneficial  changes  in  decomposing  matter,  such  as  sewage ;  and  their 
action  should  therefore  be  promoted,  by  placing  them  under  the  most 
favourable  conditions  for  their  growth. 

Two  distinct  kinds  of  bacteria  are  concerned  in  the  purifpng 
changes  produced  in  sewage,  namely,  anaerobic  bacteria,  which  flourish 
best  in  the  absence  of  air,  and  aerobic  bacteria,  wliich  need  air  to 
perform  their  functions.  The  first  decomposition  of  the  sewage  as  it 
is  discharged  from  the  sewers,  after  having  undergone  a  slight  oxidation 
in  its  passage  through  the  sewers,  should  be  effected  by  the  anaerobic 
bacteria,  and  therefore,  as  far  as  possible,  out  of  contact  with  air.  In 
this  first  stage,  albuminous  matters,  cellulose,  and  fats  are  acted  upon 
by  the  anaerobic  bacteria,  with  the  production  of  soluble  nitrogenous 
compounds,  phenol  derivatives,  gases,  and  ammonia,  resulting  in 
anaerobic  liquefaction  of  the  solids  of  the  sewage.  There  is  then  a 
second  stage,  in  which  aerobic  bacteria  begin  partially  to  act  in  con- 
junction with  a  partial  continuation  of  the  anaerobic  action,  so  that  the 
presence  of  a  moderate  amount  of  air  is  necessary ;  and  ammonia, 
nitrites,  and  gases  are  produced.  In  the  third  and  final  stage,  thorough 
aeration  is  essential,  so  that  the  aerobic  bacteria  may  act  with  their  full 
effect  in  the  nitrification  of  the  sewage ;  and  the  ammonia  and  carbo- 
naceous residues  are  converted  into  carbonic  acid,  water,  and  nitrates,^ 
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thereby  completing  the  purification  of  the  liquefied  sewage  without  the 
deposition  of  sludge. 

As  the  bacteria  in  the  sewage  are  competent,  when  placed  under 
suitable  conditions,  to  effect  the  necessary  purifying  changes,  it  is 
unadvisable  to  attempt  to  sterilize  sewage  by  chemical  reagente,  for  this 
arrests  the  beneficial  action  of  the  bacteria ;  and  in  order  to  ensure 
the  fullest  efficiency  of  bacterial  treatment,  the  air  should  be  excluded 
from  the  sewage  at  the  outset,  then  partially  admitted,  and  complete 
aeration  provided  towards  the  end.  This  order  of  sequence,  as  regards 
aeration,  is  unfortunately  not  complied  with  in  the  more  ordinary 
processes  of  irri^tion  on  land ;  for  in  broad  irrigation,  the  action  of 
the  aerobic  bacteria  is  promoted  at  the  outset,  and  rest  is  necessary  to 
enable  the  anaerobic  bacteria  to  perform  their  functions ;  whilst  in 
downward  filtration,  the  proper  order  of  action  is  also  somewhat 
reversed,  preventing  the  two  classes  of  bacteria  from  exercising  their 
full  influence,  and  necessitating  intermittent  action  to  give  the  anaerobic 
bacteria  an  opportunity  of  intervening. 

One  method  by  which  the  proper  sequence  of  bacterial  changes  is 
sought  to  be  obtained,  is  by  means  of  a  septic  tank,  and  subsequent 
filtration.  The  sewage  is  introduced  gently  near  the  bottom  of  the 
septic  tank,  from  which  air  and  light  are  as  far  as  possible  excluded 
to  enable  the  anaerobic  bacteria  to  produce  the  initial  changes  un- 
disturbed, imder  conditions  favourable  to  their  action;  whilst  the 
succeeding  filtration  affords  the  aeration  of  the  sewage  requisite  for 
promoting  the  action  of  the  aerobic  bacteria. 

A  more  perfect  system,  however,  for  carrying  out  the  cycle  of 
changes  under  the  best  conditions,  appears  to  be  upward  filtration 
through  suitably  prepared  filters,  where  the  sewage  on  entering  at  the 
bottom  is  not  exposed  to  the  air,  leaving  the  anaerobic  bacteria  free- 
to  perform  their  functions ;  next  the  sewage,  on  rising  in  the  filter,  begins 
to  be  aerated;  and  at  length  it  undergoes  perfect  aeration  by  suitable 
arrangements,  such,  for  instance,  as  being  passed  over  a  series  of  jxir- 
forated  trays  containing  coke.^ 

Concluding  Remarks  on  Sewage  DispoBaL— None  of  the 
various  methods  tried  for  the  disposal  of  sewage  have  hitherto  resulted, 
as  was  at  one  time  hoped,  in  a  commercial  success ;  and  the  variable 
nature  of  the  sewage,  its  dilution  by  the  water-closet  system,  and  die 
heterogeneous  ingredients  mingled  with  it  from  various  sources,  present 
serious  obstacles  to  its  being  converted  into  a  profitable  manure. 
Irrigation  on  land,  however,  though  hami)ered  by  many  onerous  con- 
ditions, and  not  complying  with  the  proi)er  cycle  for  bacterial  purifi- 
cation, has  proved  a  satisfactory  means  of  utilizing,  and  disposing 
effectually  of  sewage,  with  very  decided  benefit  to  the  irrigated  land. 
Sewage  must  be  regarded  as  a  waste  product,  like  ordinary  town  refuse, 
which  has  to  be  removed  in  the  most  innocuous,  cheapest,  and,  if 
possible,  in  a  useful  way,  depending  on  the  circumstance  of  each 
locality. 

*  "Sewage  and  the  Hacicrial  Purificalion  of  Sewage,"  S.  Ridcal,  pp-  209  and 
222-223. 
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Bacterial  treatment  appears  likely  to  furnish  the  simplest,  most 
rational,  and  most  efficient  means  of  sewage  disposal ;  and  its  highly 
nitrified  effluent  seems  likely  to  prove  very  valuable  for  agriculture,  and 
a  means  of  returning  the  nitrogen  to  the  soil  which  it  so  much  needs, 
and  which  is  entirely  lost  in  some  methods  of  sewage  disposal. 
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Aberdasn  Brtakwaton,  proportions  of 
concrete  for,  21  ;  foundations  of  south 
breakwater  levelled  with  concrete  bags, 
483  ;  north  breakwater  built  up  to  low 
water  with  concrete  bags,  483 

Abt  Saek,  280-282  ;  construction  of,  for 
mountain  railways,  280,  281 ;  security 
and  suitability  of,  for  curves,  280 ;  laid 
on  Generoso  and  Rothom  railways, 
280-281  ;  Glion-Naye,  281,  Manitou 
and  Pike's  Peak,  2iSi-282 ;  Aix-les- 
Bains  and  Kevard,  Gomergrat,  Mont 
Saleve,  Montserrat,  Schafberg,  and 
Snowdon  railways,  282 ;  bud  on 
Trincheras  incline  of  Puerto  Cabello 
and  Valencia  Railway,  282,  28^  ;  laid 
on  railwav  surmounting  Usm  Pass, 
282,  283 ;  laid  on  portions  of  Eisenerz- 
Vordembere,  Hartz,  283,  284,  Trans- 
andine,  and  Yisp-Zennatt  railways,  283, 

285  ;  compared  with  ladder  rack,  285  ; 
laid  on  inclines  of  Cbamonix  Railway,   , 

286  ;  used  for  controlling  motion  on   I 
cable  inclines,  293,  299  ' 

Aeevmulaton    for    Xleotric   Traction,  | 
315 ;    preferred  in   certain    cases    to 
underground    conduits,    315 ;    weight  | 
and  other  objections  to,  315  ;  value  of, 
on  short  crowded  sections,  315  ;  cost   I 
of  working  with,  317-318 

Aeeuaulatm  for  Hydraulio  Machinery,  ' 
467-468  ;  for  storing  up  water-power, 
467 ;    description    of,    467-468 ;    ad-   1 
vantages  of,  for  intermittent  working, 
468  I 

Adonr  BiTor,  outlet  shifted  by  drift,  359  ;  ' 
outlet  fixed  by  parallel  jetties  across  ' 
^icauch,  359 ;  outlet  channel  deepened  ; 
by  scour  between  the  jetties,  359-360 

Adnr  BiTor,  outlet  of,  diverted  by  drift,   ' 
359;    fixed   by  parallel  jetties  across 
beadi,  359 ;  outlet  channel  of,  deepened 
by  scour  concentrated  by  the  jetties, 

^359-360 

Anieaa  Bailways,  instances  of,  serving 
as    pioneer  and  military   lines,    102 ; 


gauges  of,  in  Egypt  and  Cape  colonies, 

245  ;  cost  of,  in  Cape  Colony,  265  ; 

length  and  recent  rate  of  increase  of, 

271  ;  vast  areas  for  development  of, 

271 
Aire  and  Galder  Vayigation,  successive 

enlargements  and  present  depth  of,  386; 

large  coal  traffic  on,  390;  dimensions 

of  vessels  and  locks  on,  390 
Air-lock,  for  compressed-air  foundations, 

74-76 ;    brick,    on    City   and    South 

I^ndon  Railway  works,  231,  232 
Aiz-lef-Bainf  and  Bcvard  Bail  way,  laid 
with  Abt  rack,   282  ;  length,  gauge, 
and  worst  gradients  and  cur\'es  of,  282 
Albert  Bridge,  Cheliea,  141,  147-148; 
elevation  of,    141  ;    example  of  sus- 
pension bridge  with  oblique  stays,  141, 
147  ;  description  of,  147-148 ;  cost  of, 
148 
Aldemey  Breakwater,  successive  lower- 
ing of  foundations  of  superstructure  of, 
480 ;  depth  at  end  of,  480 ;  causes  of 
injury  to  superstructure  of,  480-481  ; 
method  of  construction  of,  485  ;  causes 
of  breaches  in  superstructure  of,  486- 

487 

Alexandria  Breakwater,  single  break- 
water sheltering  harbour,  471  ;  formed 
of  rubble  and  concrete-block  mound, 
477,  478  ;  rapid  method  of  de[>ositing 
blocks  in  constructing,  477  ;  rate  of 
construction  of,  477  ;  section  of,  478 

Alpine  Tunnels,  202,  206-213  ;  stages  of 
enlargement  in  driving,  and  sections 
of  lining,  202  ;  conditions  respecting, 
206-207  ;  positions,  lengths,  heights 
of  ends  above  sea-level,  and  depths 
below  the  surface  of,  207  ;  heat  of  rock 
in  headings  of,  during  construction, 
207 ;  construction  of  the  Mont  Cenis, 
St.  Gothard,  Arlberg,  and  Simplon, 
208-210  ;  strata  traversed  by,  210  ;  rate 
of  progress  and  length  of  straight  head- 
ings of,  210-21 1  ;  cost  of,  211-212; 
reduction  of  internal  heat  after  junction 
of  headings  of,  212 ;  ventilation  of, 
212-213  ;  lower  level  and  shorter  route 
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br  the  Simplon  than  by  the  St.  Gothard 
Tunnel,  213.  See  also  Arlbrrg  Tunnel^ 
Mont  Cenis  Tunnel^  ttc, 

Ammion  BiTtr,  area  of  basin  of,  325 ; 
example  of  large,  almost  tideless  river, 
359 ;  distance  to  which  light  alluvium 
from,  can  be  traced  out  at  sea,  363 ; 
bore  observed  on,  370 

Amerioan  Sailwayi,  gauges  of,  245; 
cost  of,  in  different  countries,  264- 
265  ;  length  and  recent  rate  of  increase 
of,  271 

Amiterdam  Canal,  402-403,  408-409, 
415  ;  floating  tubes  used  for  discharge 
of  dredgings  in  construction  of,  through 
lakes,  53,  404 ;  cross  section  of,  402  ; 
former  and  present  dimensions  and 
slopes  of,  402-403 ;  berms  in  side 
slopes  of,  through  lakes,  404 ;  arrange- 
ment of  swing  bridges  crossing,  405  ; 
description  of,  408-409,  415;  dimen- 
sions of  new  lock  near  North  Sea 
end  of,  410;  plan  and  description 
of  Ymuiden  Harbour  at  North  Sea 
entrance  to,  408,  415,  473 

Anderton  Hydraulic  CaniQ  Lift,  396; 
connecting  River  Weaver  with  Trent 
and  Mersey  Canal,  396  ;  height  of  lift 
and  dimensions  of  counterbalancing 
troughs  of,  396  ;  mode  of  working, 
water  expended,  and  time  occupied  in 
transference  of  barges,  396 ;  saving  of 
time  and  water  by,  compared  with  a 
flight  of  locks,  396 

Anglo-Chilian  Nitrate  Bailway,  length 
of,  266 ;  weight  of  rails,  gauge,  and 
worst  gradients  and  curves  of,  266 ; 
height  ascended  by,  266  ;  cost  of,  266 

Antoinette  Bridge,  128-129  ;  example  of 
large  masonry  arch,  128  ;  dimensions 
of,  128-129  >  length  and  cost  of,  129 

Antwerp  Docks,  with  sheltered  river 
approach,  448  ;  wooden  and  iron  gates 
adopted  at,  462  ;  muddy  tidal  water 
partly  excluded  from,  by  reverse  iiates, 
468 

Antwerp  Quay  Walls,  description  of 
foundint;,  by  compressed  air,  75-76, 
441  ;  rej^ulation  and  utilization  of  right 
bank  of  Scheldt  by,  440 ;  section  of, 
441  ;  slipping  forward  of  new,  and 
modification  of  section,  444  ;  accessible 
at  lowest  tides,  445  ;  large  traffic  carried 
on  at,  in  spite  of  tidal  range,  446 

Aqueducts,  530  -  535  ;  instances  of 
masonry,  conveying  irrigation  canals 
across  valleys,  430-431 ;  for  conveyance 
of  water-supply  from  reservoirs,  530- 
532  ;  extension  of  definition  of  term, 
531  ;     hydraulic    gradient    for,    531  ; 
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two  different  principles  of  construc- 
tion, depending  on  configuratiou  of 
ground,  531  ;  contouring,  and  follow- 
ing hydraulic  gradient  as  £ar  as 
possible,  531-532  ;  direct  course  under 
pressure  below  gradient,  532 ;  respective 
advantages  of  the  two  systems  of,  532 ; 
instances  of,  laid  in  accordance  with 
each  system,  532,  533 ;  arrangements 
and  sizes  of,  from  Thirlmere,  and  Elan 
and  Vyrnwy  reservoirs,  532-535 ;  siies 
of,  from  Loch  Katrine  and  New  Croton 
reservoir,  534;  pipe,  for  conveyance 
from  river  pumping-station  or  welU, 
535  ;  discharging  into  service  rescrvmrs. 

535 
Arched  Bridget,  122-137  ;  instance  of 
early  use  of  cast  iron  for,  25  ;  materials 
used  for,  122;  stresses  on,  122-125; 
types  of,  of  small  span  for  railways, 
125-127 ;  dimensions  of,  over  roads, 
127  ;  masonry  and  brick,  on  the  skew, 
127-128  ;  dimensions  of  some  large 
masonry,  128-129  ;  cost  of  somt 
large  masonry,  129 ;  condition  of 
stability  of,  in  brickwork  or  masonry, 
129-130 ;  typical  examples  and  di- 
mensions of  metal,  of  large  span,  150- 
134 ;  cost  of  some  metal,  of  laj^ 
span,  131,  133,  134  ;  provisions  in 
metal,  for  changes  of  teII^>erature,  135 : 
erection  of  metal,  of  large  span,  135- 

137 
Arched  Bridget  described  or  referred  to : 
Alma,  128  ;  Antoinette,  128-129  J  ^^' 
telet,  129;  Coalbrookdale,  130,  135: 
Garabit,  131-133.  135,  136  ;  Gour- 
Noir,  129;  Grosvenor,  Chester,  128; 
Griinenthal,  131-133  ;  Lavaur,  129: 
Levensau,  133-135;  London,  12^1; 
Luiz    I.,   133-136 ;    Maria    Pia,   131. 

I33>  I35»  136;  Miingsten.  133-134: 
Niagara  Falls  and  Clifton,  134,  13^ 
137; Niagara  River,  132,  133,  135,  137; 
St.  Louis,  130-132,  135-136  ;  Salmon 
River,  132,  133  ;  Southwark,  25,  130; 
Stony  Creek,  132,  133  ;  Sunderland. 
1 30;  Victoria,  Pimlico,  130,  135: 
Washington,  New  York,  131,  135. 
See  also  AntoinetU  Bridge^  CasUUi 
Bridge^  Garabit  Viaduct^  etc. 

Argentine  Bailwayi,  gauge  of,  245  ;  (x>^t 
of,  265 

Arlberg  Bailway,  ruling  gradient  on, 
105  ;  sharpest  curves  on,  106 

Arlberg  Tnnnel,  cross  section  of,  202 ; 
length  of,  207 ;  height  of  ends  above 
sea-level,  207  ;  depth  of,  below  surfact-. 
207 ;  heat  of  rock  in  headings  of, 
during  construction,  207  ;  gradients  in. 
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excavation  of,  by  bottom  head- 
jid  break-ups,  208 ;  advantages 
:em  of  enlargement  of  headings 
8 ;  variations  in  lining  of,  210 ; 
traversed  by,  210 ;  length  of 
It  headings  of,  and  rate  of 
ce,  211  ;  cost  of,  211-212  ;  cool- 
rock  in,  212 

gi  Sailway,  laid  with  ladder- 
276  ;  length,  rise,  steepest  gra- 
and  gauge  of,  276  ;  cost  of,  277 
ailwayi,  gauges  of,  in  India  and 
Q,  245  ;  length  and  recent  rate  of 
se  of,  271  ;  vast  areas  for  de- 
nent  of,  271 

I  92-93  ;  composition  of  natural, 
est  sources  of;  92  ;  formation  of 
;,  92  ;  manufacture  of  artificial 
lad,  92-93  ;  advantage  of  Trini- 

FaTing,  92-94  ;  composition  of, 
;  methods  of  laying,  93  ;  cost 
; ;  merits  and  defects  of,  93-94 ; 
ces  of  adoption  of,  in  large  cities, 
or  footpaths,   96 ;   for   tramway 

,  305.  306 

Bafenroir  Bam,  422,  423-425 ; 
1  of,  422  ;  across  Nile  at  first 
ct,  422,  423 ;  head  of  water  re- 
by,  422,  423 ;  description  of 
i  through,  422,  423  ;  foundation 
mgth  of,  423  ;  volume  of  water 

up  by,  for  irrigation  during  low 
423 ;  original  volume  intended  to 
>red  up  by,  424 ;  successive  re- 
•ns  in  storage  by  lowering  height 
(4-425  ;  prospect  of  deposit  of 
ducing  storage  provided  by,  425 
an  Hard  Woodi,  strength  of,  1 1 ; 
Uity  of  some  of,  in  street  paving, 

;  life  and  value  of,  in  street 
;,  91  ;  most  objections  to  wood 
;  obviated  by  use  of,  91 
an  Bailwayi,  gauges  of,  245  ; 
f,  265  ;  length  and  recent  rate  of 
se  of,  271 
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mbe  Fiihery  Pier,  projiortions  of 
rte  used  in  construction  of,  2 1 
.,  two  distinct  kinds  of,  concerned 
ification  of  sewafje,  and  their  re- 
lents, 564 ;  chemical  changes  in 
e  produced  in  tirst  stage  by 
>bic,  564  ;  in  second  stage  by  both 
of,  564  ;  final  changes  effected  by 
c,  564-565  ;  cycle  of  conditions 
ed  for   most  effective  action  of. 


565  ;  best  conditions  for  action  of,  not 
realized  in  sewage  irrigation,  565 ; 
proper  stages  of  action  by,  favoured  by 
septic  tank  and  subsequent  filtration, 
565 ;  placed  under  best  conditions  by 
upward  filtration  of  sewage,  565 

Bacterial  Pnrifioation  of  Sewage,  564, 
565  ;  by  cycle  of  changes  due  to  bac- 
teria, 564  ;  successive  chemical  changes 
produced  in,  564-565  ;  exclusion  and 
admission  of  air  in  stages  required  for, 
565  ;  defects  of,  by  sewage  irrigation, 
565  ;  by  septic  tank  and  filtration,  565  ; 
by  upward  filtration,  565  ;  good  pros- 
pects of,  566  ;  value  for  agnculture  of 
nitrified  effluent  produced  in,  566 

Bag  and  Spoon,  42-43 ;  description  and 
illustration  of,  42,  43 ;  aquamotrice 
modified  form  of,  42-43 ;  method  of 
working  aquamotrice,  and  cost  of 
dredging  with  it,  43 

Baldwin  LooomotlToi,  capabilities  of, 
105  ;  substituted  for  traction  by  help 
of  central  rail  on  Cantagallo  Railway 
incline,  273-274 ;  central  rack  used  in 
place  of,  on  Madison  incline,  274-275  ; 
substituted  eventually  for  central  rack 
on  Madison  incline,  275  ;  load  carried 
bv,  and  speed  of,  on  inclines,  273-275 

Ballait,  247  ;  objects  of,  247 ;  materials 
employed  for,  247 ;  substitutes  for,  in 
special  cases,  247 

Baltic  Canal,  402,  408-41 1 ;  connecting 
Baltic  with  North  Sea,  402  ;  dimen- 
sions and  slopes  of,  402,  403  ;  sand- 
dams  and  berms  on,  404,  405  ;  bridges 
over,  406 ;  description  of,  408-409 ; 
arrangements  of  regulating  locks  at 
each  end  of,  410-41 1  ;  special  features 
of,  415  ;  lighting  of,  by  night,  417 

Bar,  deepening  channel  over  Mersey,  by 
dredging,  48-49,  372 ;  river  outlets 
obstructed  by,  358  ;  across  deltaic  out- 
lets of  tideless  rivers,  361  ;  position  of, 
in  front  of  deltaic  outlets  dependent  on 
discharge,  361 ;  progress  of,  seawards 
with  advance  of  delta,  362  ;  on  River 
Htigli  l)elow  Calcutta,  and  in  estuary, 
composed  of  sand,  363 ;  effects  of 
harrowing  and  dredging  on,  at  Sulina 
outlet,  and  at  outlet  of  Mississippi 
South-west  Pass,  363  ;  effects  of  cm- 
hanking  east  outlet  channel  of  Rhone 
on,  363-364 ;  improvement  of  depth 
over,  at  Sulina  outlet  by  jetties,  364- 
365  ;  dre<lging  to  arrest  re-formation  of, 
at  Sulina  outlet,  365  ;  improvement 
in  depth  over,  by  parallel  jetties  at 
Mississippi  South  Pass  outlet,  365-366  ; 
new,  forming  further  out  in   front  of 
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Sijuth  Tnss  oulltt,  366;  vmlne  of  jrtly 

system  fui  scooiinc  sway,  in  front  of 
tiddns  deltaic  outlets,  and  condilions 
iif  tacceu,  366-367  i  origin  and  pori- 
lion  0/  Meriey,  371 ;  fomialion  of.  at 
ciossinga  between  stuup  bends  in  Rivet 
llugli,  and  nieuis  of^  scouiini;  sway, 
373-374;  formation  of,  at  months  of 
tidal  rivers  by  drift,  and  lowering  of, 
by  jellies  and  dredging,  377  ;  removal 
of,  by  dredging  under  shelter  of  break- 
waters. 377- 37S 

BanuMpla  and  Lyatmi  Xailwar,  in- 
ilance  of  cheap  narrow^auge  railiray, 
166  :  gauge  and  cost  of,  a66 

Barrj   Soeki,  446 ;    pUn   of,   showing 
ariangement!iatcDal-sbippingport.446; 
example  of  fonoi  given  to  docks,  446, 
447  ;  tidal  basin  giving  sheltered  access 
10.  446,  455  ;  half-tide  basin  at  entrance   1 
lo,  446,  456  ;  section  of  dock  wall  at, 
453  :  deplh  in  channel  of  tidat  basin 
leading  10,  456  ;    dimensions  of  deep 
cnlrance  lock  at,  and  of  entrance  lo,    ' 
4511-460  1  iron  gates  adopted  at,  461-  I 
463  ;  wide  graving  docks  at,  admitting 
two  vessels  side  by  side,  467 

Bwutlt,  for  metalling  toads,  11,  S4  ;  com-  I 
pressive  strength  of,  13 

BmioDl*  Brld^,  184-186:  type  of 
movable  bridge,  iSl  ;  wooden,  in 
Holland,  184  ;  cast-iion  bridge  at 
Sclby,  1S4 ;  description  of  Towei 
bridge.  184-1S6  1  carrying  Liverpool 
Overhead  Railway  over  some  main 
toads,  139,  140 

BHini,  at  ports  with  Utile  or  no  lidal   , 
rise,  440 ;  quay  walls  of,  at  Marseilles, 
442i  443  '•  pl>i>  showing  arrangement 
of,  at  Marseilles,  443 ;  plan  of,  and 
rivet  quays  at  Southamplon,  44J  ;  good   ' 
length  of  quays  afforded  hy,  and  along-  ' 
side  rivers  at  Souihnmplon,  447  ;  dis- 
linclion   drawn  between,  and   docks,   I 
44G-447  ;  tidal,  leading  to  docks,  446-   I 
449.  455^56  :  wnple  scope  foi  quays   | 
alongside,     and    occesnbility    ot,    al   . 
Marseilles,  447  -,  requirements  for  ap-  I 
preaches  to,  448 1  examples  of  approach 
channels  to,  448-450;  conditions  affect-   I 
ing  depth  required  for,  450 ;  excavation 
of,  450-451  ;  object   and  instances  uf 
half- tide,  456-457 

BadB  Walli,  section  of  Tilbury,  449; 
forms  of,  453-454  i  increaseil  subiljty 
needed  for,  453.  See  also  DocJt 
IValls 

BuGoni,  495-496 ;  maietioli  used  for, 
marking  minor  shoals,  495  ;  successive 
iinpiovemenis  in  the  consinKtion  of. 


;    peimanent    Ik^ 
490;   diMineniiUoe    I 
Toducod  on,  wotkra 
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495 ;  special  octagonftl  framing  foi 
constiuciioii  of,  Willi  canacic.  495 : 
not  cement  deposited  within  wire  gitue  1 
far  foundations  of,  nndet  water,  496 ; 
descriplirm  of  Grande- Vinotiere  bcaicoi., 
496  1  foundation  of  beacon  on  Rodtc 
btmne  reef,  496 
exhibited  from,  .,  , 
flashing  light  introduced  on,  * 
by  electric  battery,  496 ;  powef  a 
flaiJiiag  li^hl  exhilnted  frwn,  496 

BMfing  PiUl,  581  objects  of,  5S: 
adhesion  of,  in  silt,  $8  ;  for  foundaHon 
uf  river  piers  of  bridges,  67  ;  tot  quay 
walls,  441  :  for  foundations  of  dock 
walls,  431  :  for  the  foundations  t<f 
locks,  460 

Balbit  OnTin;  Dock,  466  ;  plan  and 
sections  of,  and  caisson  for  closii%. 
466 ;  method  of  constructing,  466. 
467  ;  dimensions  of,  466-1467  :  tittoet- 
'■      tliof.4Ss,    , 


IS  for  subdivision  of  length  ol 


467 

Bslgiftn  BailwiTi,  gauge  of  sianilint. 
Z45  ;  cost  of  State,  264 ;  gauges  (i 
light,  369-370 :  light,  Lutl  along  toads 
370  :  limit  of  speed  on  light,  17a 

BantUiiK  MommU.  along  simple  beam. 
'53!  provision  for,  in  Riders,  154; 
along  continuous  ginlci!>,  168  ;  nn  can- 
tilcvers,  172-173 

Swlln  Blavatad  BaQway,  141  ;  on  ilrcl 
viaduct  along  streets,  141  ;  length  of. 
steepest  gradients,  and  speed  on,  I4I ; 
estimated  cost  of,  141 

BiTlin    llatropolitaiL    Bailwmy,     i]6i 
tenuth  and  accommodation   of,  336 ; 
varied  mode  of  conslmclion  adoi>ted.    ' 
236  :    radii   of    curves,    and    niliag 
gradieni  on,  236  1  cu*t  of.  336 

Bernew  Obarlaad  SaUvay.  worked  tqr 
adhesion  and  ladder-tBck,  1S4 :  total 
lenglh  of,  and  lengtli  laid  wilh  ock. 
1S5  ;  worst  gradients  Uid  curve''  on 
rack  portion,  285  ;  cost  of;  »S5 


in,  k6 
Biihap  Bock  LlghUooM,  4S9,  493^19* ; 

elevation  and  sections  of,  4S9  :  upnoiri    < 

run  of  waves  favourcil  t.y  firm  .it  J.it. 

491  ;  cylindrical  1..i?l 

491  t  height  of  soil!  I 

arrangement  of  t<><>i 

periods  of  groups  'it  n 

ing,  493  ^arrar^mriLi   .  . 

light  exhibited  from.  40;  :    iik-jI'*  '^i 

increasing  intensity  of  light 

493-4941  incicflse  in  bei^  of 


(«*.    I 
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•lane  above  old,  494 ;  explosions 
-cotton  from,  during  fogs,  494 
11  TmuMl,  216,  222-223  ;  longi- 
I  and  cross  section  of,  and  of 

216 ;  length  of,  216,  222  ;  con- 
3n  of,  with  shield  and  tube  under 
sssed  air,  216,  222-223 ;  strata 
fid   by,  3 1 6,  222 ;  precautions 

in  constructing,  at  minimum 
below  river-bed,  222  ;  lining  of, 
ost  of,  and  of  subaqueous  portion, 

I  Doek  Mid  BiTer  Quays,  dock 
of,  founded  on  masonry  wells, 
\2 ;  quay  walls  at,  built  on 
supported  on  piers  sunk  by  com- 
l  air,  442^3 

River  Hugli,  370 ;  cause  and 
ance  of,  370 ;  instances  of  rivers 
ich,  has  been  observed,  370 ; 
1  on  Seine  by  r^ulation  and 
g  of  channel,  379 
30 ;  for  ascertaining  nature  of 
ore  designing  works,  29  ;  method 
ying  down,  30 ;  value  of,  30 ; 
ertaining  nature  of  strata  to  be 
ed  by  tunnels,  192 ;  for  investi- 
nature  of  foundations  for  dock 

rUdnot,  170;  built  with  con- 
i  girders,  169,  170 ;  erection  of, 
ng  out  girders,  169,  170  ;  build- 
>  piers  of,  from  overhanging 
ifo,  170 

I  Harbour,  description  of  form 
; ;  progression  of  foreshore  at, 
breakwater  sheltering,  formecl 
iperstructure  founded  above  low 
m  rubble  mound,  478 ;  quay  at, 
of  superstructure,  479 
g  Oirdmrs,  152-153 ;  construc- 
d  arrangement  of,  152  ;  example 
-iron,  in  Newcastle  High-level 
152 ;  used  for  station  roofs,  as 
ified  by  roof  of  St.  Pancras 
,  152-153 

I  Bailwaji,  gauges  of,  245  ; 
,  265  ;  working  of  incline  on 
alio  Railway,  273-274 
terf,  470-487  ;  proportions  of 
e  used  for  various,  21-22  ;  con- 
locks  for  construction  of,  under 
22 ;  concrete  bags  for  founda- 
»f,  and  protection  of  toe  of 
nctures  of,  22-23  *  advantages 
sete-in-mass  for,  23-24  ;  pro- 
of outlets  of  tidal  rivers  by, 
7-378;  entrances  to  ship-canals 
xl  by,  406-408,  414,  415,  472, 
auscs  affecting  force  of  waves 


against,  470  ;  various  arrangements  of, 
for  sheltering  harbours,  470-474 ;  outer, 
on  sandy  coasts  approached  by  open 
viaducts,  472,  474-475  ;  entrances  to 
harbours  between,  or  round  ends  of, 
475-476 ;  types  of,  476-486 ;  form 
and  construction  of  rubble  and  con- 
crete-block mounds  for,  with  examples, 
476-477,  478 ;  action  of  waves  on 
rubble  mound,  476-477  ;  mound  with 
superstructure  founded  at,  or  above 
low  water  for,  and  examples,  477-479  ; 
cross  sections  of  various  t3rpes  of,  478  ; 
defects  of  mixed  type  of,  with  super- 
structure founded  at  low  water,  479  ; 
mound  with  superstructure  founded 
below  low  water  for,  with  examples, 
478,  479-482 ;  cause  of  adoption  of 
latter  mixed  type  of,  its  weak  points, 
and  provisions  for  remedying  them, 
48o-i02 ;  sloping-block  system  for 
superstructure  on  rubble  mound  of, 
481-482;  wave-breaker  for  protecting 
superstructures  of,  482  ;  upright-wall 
system  for,  in  moderate  depths,  with 
examples,  482-484  ;  upright  •  wall, 
built  in  courses  on  hard,  levelled 
bottom,  482-483  ;  upright-wall,  formed 
with  concrete  bags  below  low  water, 

483  ;  upright-wall,  formed  of  concrete- 
in-mass  deposited  within  framing,  483- 

484  ;  foundations  of  upright  walls  and 
superstructure  for,  formed  with  caisson 
concrete  blocks  floated  out,  484  ;  con- 
struction of  upright  walls  and  super- 
structures of,  with  staging,  484-485  ; 
with  overhanging  Titan,  481,  485,  486  ; 
three  types  of,  still  in  construction, 
485-486  ;  action  of  waves  on  super- 
structures and  upright  walls  of,  near 
low  water,  486,  487  ;  methods  of  secur 
ing,  against  injury,  477,  479,  480-482, 
487  ;  stability  of  solid  upright-wall,  on 
firm  bottom,  487  ;  care  and  special 
plant  required  in  laying  concrete-bag 
foundations  for,  487  ;  caution  needed 
in  depositing  concrete-in-mass  under 
water  for,  487  ;  increasetl  stability  of, 
attained  by  large  blocks,  monoliths, 
and  caisson  blocks,  487 

Breakwaters  described  or  referred  to— - 
Mound:  Alexandria,  477,  478  ;  Algiers, 
477  ;  Plymouth,  472.  476-478  ;  Port- 
land (outer  and  new),  476,  486  ;  Port 
Said,  407,  477  ;  Table  Bay,  476 
Mound  and  Superstructure  :  Alderney, 
480,  4*^5-487  ;  Boulogne,  478,  479  ; 
Cherbourg,  479 ;  Civita  Vecchia, 
478,  479  ;  Colombo,  472,  478,  480- 
482,  486  ;  Genoa,  479  ;  Havre,  447, 
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478,    479;    Holyhead,    479,    484; 

Karachi,  481,  485  ;  Leghorn,  479 ; 

Madras,  472,  4iSi,  482;  Marseilles, 

443,  476, 478,  479  ;  Mormugao,  481, 

482  ;  Nervion  outlet,  375,  484-487  ; 

Oran,479;  Peterhead  (outer  portion), 

480,  485, 486  ;  Portland  (inner),  479, 

484 ;  St.  Jean  de  Luz,  479  ;  Trieste, 

476 

Upright-wall :  Aberdeen,  483  ;  Dover, 

478,  482-483,  486,  487  ;  Newhaven, 

478)  483  ;  Peterhead  (inner  portion), 

480,  485,  486  ;  Ymuiden,  408,  482  ; 

Zeebrugge,  415,  472.  478,  484-487. 

See    also   Alexandria    Breakioater, 

Plymouth  Breakwater y  etc. 

Brenner  Bailway,  ruling  gradients  on, 

105  ;  sharpest  curves  on,  106  ;  crossing 

Alps  without  summit  tunnel,  206 

Breit  Swing  Bridge,  182 ;  formed  in  two 

halves,  181  ;  particulars  of,  181-182 
Brick  Paying,  91^2  ;  largely  adopted 
in  Holland,  and  in  several  cities  01  the 
United  States,  91,  95  ;  qualities  of 
bricks  suitable  for,  91-92  ;  durability 
of,  and  causes  of  adoption  in  Holland 
and  America,  92  ;  cost  of,  92  ;  merits 
and  defects  of,  92  ;  for  tramway  tracks, 
^  ?03.  305 

Bneks,  13-14 ;  advantages  of,  in  con- 
struction, 13 ;  composition  and  manu- 
facture of,  14;  dimensions  and  qualities 
of,  14  ;  compressive  strength  of,  14 
Brickwork,  used  in  places  devoid  of 
stone,  13 ;  compared  with  masonry, 
13-14  ;  safe  stresses  on,  28  ;  use  of, 
for  well -foundations  in  India,  64  ;  com- 
mon use  of,  for  small  arched  bridges, 
125-128  ;  employed  for  viaducts,  189, 
190,  236  ;  for  shafts  of  tunnels,  193  ; 
for  lining  of  tunnels,  203  ;  for  dock 
walls,  454 ;  for  sewers,  545,  546 
Bridge-Pier  Foundations,  wrought-iron 
caissons  for,  of  Forth  and  Tower 
bridges,  59-60  ;  wells  for  Empress 
Bridge.  64-65,  67  ;  crib  work  for,  of 
Poughkeepsie  Briclge,  67  ;  cylinders  for, 
of  Charing  Cross  and  Cannon  Street 
bridges,  69-70,  of  Victoria  Bridge, 
Pimlico,  70-71,  of  Chittravati  Bridge, 
71,  77  ;  caissons  for,  of  Hawkesbury 
Bridge,  71-72,  of  Dufferin  Bridge, 
Benares,  72-73,  of  Hugli  Jubilee 
Bridge,  73 ;  caissons  sunk  by  com- 
pressed air  for,  of  St.  Louis  Bridge, 
76,  of  Brooklyn  Bridge,  76,  of  Wash- 
ington Bridge,  Harlem  River,  76-77, 
of  Forth  Bridge,  77 
Bridges,  120-171  ;  foundations  for  piers 
of,  64-65,  67,  69-73,  l^n  ;  piers  of, 


78-80  ;  types  of,  120-121  ;  dead  and 
moving  loads  on,  121-122 ;  ardied. 
122-135  ;  erection  of  metai  arched, 
135-136  ;  suspension  and  arched,  con- 
trasted, 138-139  ;  suspension,  139- ' 
151 ;  girder,  over  single  openings,  152- 
165  ;  erection  of  single  girder,  165- 
167  ;  continuous-girder,  167-169 ;  erfc- 
tion  of  continuous-girder,  169-171 : 
cantilever,  1 72-181  ;  erection  of  canti- 
lever, 176-177;  movable,  181-187: 
suspended  transporter,  for  conveyor 
cars,  320-322 ;  special  features  of,  can}- 
ing  canals,  386  ;  opening  low-le\'el,  and 
fixed  high-level,  across  ship-ctnak. 
with  examples,  405-406 ;  caissoD> 
across  dock  entrances,  serving  as  mov- 
able, 465.  See  Arched  Bridges ^  Suspen- 
sion Bridges^  etc. 
Bridget  described  or  referred  to — 
Albert,  141,  147-148,  151 ;  Ahna,  12S; 

Antoinette,  128-129  ;  Aspem,  14^ 
Bouble,    169,    170;    Brest,    181-182: 
Britannia,  25,  159,  163;  Brooklp- 
140,  141,  144-146  ;  Brooklyn  nev, 
146 
Castelet,     129  ;    Cincinnati  Southern 
Railway,     160-163 »    Clifton,    I4»- 
144-146  ;  Coalbrookdale,  130,  135  - 
Conway,  25,   159,   163;  Coingion 
and   Cincinnati   Girder,    154,   160. 
161,  163,  164 ;  Covington  and  Cin- 
cinnati Suspension,   142,   143,  I4^< 
150;  Credo,  170-171 
Dirschau,  163 
East  Liverpool,  1 50-1 51 
Forth,    175,    177,    180-181  ;   Frand- 
Joseph,  141,  147,  151  ;  Fraser  River. 
178;  Friburg  Suspension,  140;  K"- 
burg  Continuous-Girder,  169 
Garabit,    131-133,     135;    Gour-Noir. 
129  ;  Grosvenor,    128  ;   Griincnlhal. 
131-133,  135 
Halsted    Street,     Chicago,    i$A-\'^l' 
Hawarden,   183  ;   Hawkesbury,  /'' 
72,   164-165,    167  ;    Howrah,  1^7  = 
Hugh  Jubilee,  175,  1 79-180 
Kentucky  River,  163,  176  ;  Kieff,  MS  • 
Konigswart,   165,  166  ;  Kuilcnben: 
154,  160-163,  165 
Lachine,  160,  169  ;  Lambeth,  I46-I47' 
149  ;   Lamothe,    143-144 ;    Lavaor. 
129;   Levensau,  133-135;   London. 
128  ;  Louisville,  163  ;  Luiz  I.,  U3' 

"35 
Maria  Pia,  131,  133,   135,  136;  V^^^' 

phis,  175, 179  ;  Mcnai,  24,  140,  U9 

Moerdyk,  163, 166,  167  ;  Miingsi^"- 

133-134 

Newcastle    High-level,     152:    N^* 
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Ion,  182-183;  Nenrion  Trans- 
rt,  321 ;  Niagara  Cantilever, 
178  ;  Niagara  Falls  and  Clifton, 
136,  137  ;  Niagara  Falls  Sus- 
ion,    142,   149,    151  ;    Niagara 

r,  132,  133.  »35»  137  ;  Niagara 

ension,  140,  142,  143,  146,  150 

45  ;  Pittsburg  Point,  140,  141, 

149,  151  ;   Poughkeepsie,    175, 

179 

c,    160,    161  ;    Roche-Bernard, 

150  ;    Rochester,    U.S.,    150- 

Rouen  Transporter,  321 
ixe,  143,  149 ;  St.  Louis,  130- 
l3Sf  136  ;  Salmon  River,  132, 
;  Saltash,  25,  158-160,  163; 
hwark,  25,  130  ;  Stanley  Dock, 
rpooly  239,  240  ;  Stony  Creek, 

133;  Sukkur,  175,   179;  Sun- 
Ad,  130  • 
)i  ;  Tower,  184-186 
a,   Montreal,    159,    161,    163 ; 
>ria,  Pimlico,  130,  135 
igton.    New   York,    131,    135. 
4/dert  Bridge^  Antoinettt  Bridge, 

\  Tabular  Bridge,  159 ;  intro- 
i  of  wrought  iron  for  girders  at, 
lans  of,  159  ;  tubes  of,  floated 
1  raised,  159,  165-167  ;  tubes 
nected  over  piers  to  form  con- 
i  girders,  159,  171  ;  weight  of 
oC  over  a  main  span,  163 
.  Bridgf,  141,  145-146 ;  piers 
ided  by  caisson  with  compressed 

;  accommodation  provided  by, 
•artly  supported  and  stiffened  by 
ry  cables,  141,  144  ;  description 
I,  145-146 ;  cross  section  of 
lys  of,  145  ;  dead  and  moving 
>f,  and  on  central  span,  146 ; 
sifUi  and  cost  of,  146 
.  Serated  Bailway,  237-239  ; 
off  237  ;  cross  sections  of,  237, 

description    of,     239 ;     worst 
its  and  curves  on,  239 
I  Vew  Bridgt,  dimensions  of,  in 
B,  146 ;   cables  and   estimated 
,  146 

limX^  402,  409,  4" -412,  4«S  ; 

ection  of,  402  ;  dimensions  and 
3f,  402, 403  ;  method  of  forming, 
nring  bridges  and  ferry  for  cross- 
)6 ;  description  of  breakwater 
:ing  entrance  to,  409,  415,  472, 
lescription  of  lock  near  entrance 
-412,  465 

Bailway,  worked  by  adhesion 
dder-rack,  284  ;  gauge  of,  284 ; 
ength  of,  and  length  laid  with 


rack,  285  ;  worst  gradients  and  curves 
on  rack  portion  of,  285  ;  cost  of,  285 

Bucket-Ladder  Dredger,  43-45  ;  descrip- 
tion of,  and  method  of  working,  43 ; 
stationary,  43-44  ;  hopper,  for  loading 
and  depositing,  44-45  J  relative  merits 
of  stationary  and    hopper    system  of 

.  working,  45  ;  work  best  suited  for, 
49 ;  average  cost  of  dredging  with,  on 
various  rivers,  53 

Buckie  Harbour,  proportions  of  concrete 
used  in  constructing,  21 

Buoya  (Light-giving),  498  ;  uses  of,  and 
methods  of  providing  permanent  light 
on,  498  ;  intervals  apart  of  pairs  of,  on 
Suez  Canal  and  in  Seine  estuary,  498  ; 
boat,  in  Seine  estuary,  and  large  stable, 
in  exposed  sites,  498 ;  height  of  light 
above  sea-level  and  depth  of  immersion 
of  largest,  498  ;  power  of  light  ex- 
hibited by  largest,  498  ;  sometimes 
replacing  light •^{)s,  498 


C 


Cable  Bailwayi,  287-300  ;  conditions 
suitable  for,  287  ;  uses  and  limits  of, 
287-288  ;  used  originally  for  ascending 
steep  gradients  on  ordinary  railways, 
288 ;  description  of  system  adopted 
for  Serra  do  Mar  incline  on  San 
Paulo  Railway,  288-289  ;  for  ascend- 
ing mountains  and  cliffs,  290-291  ; 
range  of  gradients  surmounted  by,  and 
methods  of  working,  291  ;  examples 
of  construction  and  working  of  moun- 
tain, 291-294 ;  steep  incline  and  cliff, 
worked  by  water  counterpoise,  prin- 
ciples and  examples,  294-298  ;  sub- 
urban, worked  by  stationary  engine, 
arrangements  and  examples,  298-299  ; 
advantages  and  limitations  of,  299 

Cable  EaUways  described:  Clifton  Cliff, 
297-298  ;  Giessbach,  294-295  ;  Havre 
Suburban,  298-299  ;  Look-out  Moun- 
tain, 291-293  ;  Lyons  Suburban,  298  ; 
Marseilles  Cliff,  296-297  ;  Mont  St. 
Salvatore,  292-294  ;  Mount  Vesuvius, 
292,  293  ;  Ouchy-Lausanne,  298,  299  ; 
Serra  do  Mar  incline,  San  Paulo  Rail- 
way, 288-289  J  Stanzerhorn,  291,  292  ; 
Terriiet-Glion,  290,  291,  295-296 

Cable  TraoUon  for  Tramways,  308-310  ; 
inaugurated  on  sleep  streets  in  San 
Francisco,  308  ;  instances  of,  on  steep 
gradients,  308  ;  examples  of,  witn 
large  traffic  along  level  streets,  308 ; 
description  of  arrangements  for,  308- 
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310;  undergroand  conduit,  gripper, 
and  pulleys  for,  309-310 ;  automatic 
adjustment  of  tension  of  cable  in,  310 ; 
method  of  working  and  speed  with, 
310  ;  arrangements  for  differences  of 
speed  in,  310  ;  cost  of,  on  Chicago 
tramways,  in  United  States,  and  North 
Staffordshire  and  Birmingham  tram- 
ways, 317  ;  cost  of,  in  Pans,  318 

Cabie-wayt,  41  ;  for  transport  of  materials, 
40 ;  for  removal  of  excavations  from 
Chicago  Drainage  Canal,  and  method 
of  working,  40,  41 

Caen,  Direi)  and  Lue-inr-mer  Bailway, 
length,  gauge,  and  weight  of  rails  of, 
266  ;  cost  of,  266 

Caitaoni,  59-60,  71-74 ;  wrought-iron, 
for  cofferdams,  with  examples,  59-60  ; 
wrought-iron,  for  foundations,  71-74  ; 
examples  of,  for  piers  of  Hawkesburj 
Bridge,  71-72  ;  Dufferin  Bridge,  72- 
73 ;  Hugli  Bridge,  73 ;  instances  of 
movable  compressed-air,  for  bridge 
piers  and  breakwaters,  78.  See  also 
Compressed-air  Foundations 

CaUsoni  at  Docks,  464-466 ;  objects  of 
sliding  or  rolling  and  ship-,  464-465  ; 
description  and  instances  of  rolling  and 
sliding,  465  ;  serving  as  movable 
bridges,  465  ;  advantages  and  disad- 
vantages of,  465  ;  compared  with  dock- 
gates,  465  ;  time  occupied  in  working, 
465  ;  description  and  working  of  ship-, 
465-466  ;  merits  and  defects  of  ship-, 
465-466 

Calaii  Harbour,  sand-pum])  dredger  used 
for  deepening  approach  to,  49  ;  develop- 
ment, and  deepening  of  access  to,  439- 
440 

Canadian  Pacific  Bailway,  ruling  gra- 
dients on,  105  ;  method  of  conveying 
trains  up  steep  gradients  on,  105  ; 
loops  on,  106  ;  sharpest  curves  on,  107, 
246;  compensation  of  gradients  for 
curvature  on,  107  ;  avoidance  of  cut- 
tings on,  III  ;  metal  arched  bridges 
on,  132, 133  ;  Lachine  Bridge  convey- 
ing, across  the  St.  Lawrence,  160,  169  ; 
cantilever  bridge  carrying,  across  Fraser 
River,  178  ;  slip  at  tunnel  through 
spur  on,  200 

Canadian  Bailwayi,  gauge  of,  245  ;  cost 
of,  264 

Canadian  Tramways,  form  of  rails  used 
on,  303,  304  ;  gauges  of,  307  ;  cost  of 
construction  of,  316  ;  length  of, 
worked  by  horses,  electricity,  and  other 
methods,  318 

Canal  dn  Centre,  Belgium,  depth  of,  and 
tonnage   of  vessels    navigating,    386; 


dimensions  of  locks  on,  390;  descrip- 
tion of  hydraulic  lift  on,  39iS 

Canal  dn  Centre,  Franee,  constracted  to 
standard  dimensions,  386  ;  section  of, 
on  embankment  and  in  cutting,  387; 
plan  and  sections  of  lock  on,  389; 
connecting  Sa6ne  and  Lx>ire,  390 ;  di- 
mensions of  reconstructed  locks  on, 
390 ;  lift  of  locks  on,  391 

Canaliiation  of  Biyers,  338-357;  by 
weirs,  with  passage  through  lodes,  358- 
339  ;  position  of  locks  in,  339, 340, 343 ; 
depth  obtained  by,  on  LfOwer  and 
Upper  Seine,  and  on  Main  bdow 
Frankfort,  340 ;  sizes  and  arrangemat 
of  locks  in,  340-342 ;  weiis  for,  dissi- 
fication,  342,  solid,  342-344,  dnw- 
door,  344-346,  movable,  of  different 
types,  346-357-  See  also  Locks  tn 
Rivers,  IVeirs^  Draw-door  Weirs^  and 
Movable  Weirs 

Canals    for   Inland   VaTigation,  384- 
400;  contrasted   with  railways,  384- 
385  ;  conditions  favourable  for,  3)85; 
examples  of  enlarged,  recently  con- 
structed,   with   good   prospects,  3S5; 
objects  of,  and  examples  of,  connectii^ 
rivers,  and  lateral  to  riveis,  385  ;  con- 
struction of,  385-386  ;  various  si«s  of, 
in    Great   Britain,    386 ;  standard  di- 
mensions of,  in  France,  386;  depths 
of,  connecting  rivers  in  Germany,  3S6 ; 
depths  of  main,  in  Belgium,  386;  di- 
mensions and  cross  sections  of  some 
large,     386-387;    bottom   width    of, 
dependent  on  sizes  of  largest  vessels, 
and  increased  round  curves,  387-388 ; 
depth  requisite  under  keel  of  vessels  in, 
varying  with   speed,  388 ;    supply  of 
water  to,  388 ;  methods  of  transferring 
vessels  on,  from  one  reach  to  the  nat, 
388-389  ;    arrangement   of    locks  on, 
389-390  ;  sizes  of  locks  on,  390-391 ; 
lifts  of  locks  on,  391  ;  flights  of  locks 
on,  391-392  ;   contrivances  for  saving 
time  in  passing  through  locks  on,  392 ; 
methods  of  saving  water  in  locking  on, 
392-393 ;  inclines  on,  saving  tioie, water, 
and  cost,  with  examples  and  methods 
of  conveyance  of  barges  on,  393-395  J 
principles  of  lifts  on,  saving  time  and 
water,  396  ;  description  of  two  types  of 
lifts  on,  with  examples,  396-399 ;  H^t' 
compared  with  locks  and  inclines  for. 
399-400 

Canals  for  Irrigation,  426-436 ;  inonda- 
tion,  laying  out  and  examples  of,  in 
Egypt  and  India,  426-467  ;  map  of. 
in  India,  428  ;  perennial,  supplied  firom 
rivers   with  constant  flow,  428-429; 
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uf  •li<cliargT  for.  43(1 :  work:? 

mils  of  uppa  perennial,  430- 

■woiki  of  u|>peT  perennial, 

s  and  riamples  of  deltitic 

■.  4J3-435  :  "orks  on  deliaic 

_     1. 435-436 

I  Ik  Ibiitiiiia  Kavigatios,  401^ 
418  ;  points  of  diSaence  f/om  inland 
canal*.  401-401  ;  siir^  and  fcclinns  of. 
4(M-40^1  co-Wturtion  of,  403-404 ; 
pfotcction  of  tlopH  oi,  404-405 ; 
(■pply  of  wnlcr  to.  405 ;  bridges 
aaaat,  405-406 :  difiennccs  in,  and 
Aott  dcKripiionc  uf,  406-410 )  locks 
^  410-4IJ  ;  special  fealnns  n(  prln- 
~^  413-416  i  nietbodEof  increasing 
Vtj  of.  for  ItalHc,  416-417 ;  rr- 
■ton,  417-418.     See  Ship-Cannli 


CanUgallo  Bailway  laetin*.  273-174 ; 
gradient,  load,  and  speed  on,  105 ;  ' 
cenlnil  rail  laid  on,  J73 ;  (^dient, 
length,  nnd  cun'cs  on,  373 ;  Baldwin 
locomocives  subsequent] 7  used  on,  173- 
274  :  manmum  load  and  speed  of  tiaiiu 
om  174 

CantilBTBr  Bridp*,  173-181 ;  deSniiioa 
of,  171 ;  siresses  on,  172-173;  fornu  ( 
of,  17J-175  ;  compared  with  conliDuous 
girders,  1 74,  176 ;  elevaiions  of  varioBa 
types  of,  1 75  ;  conlinuons-eitder  bridee 
convened  inio  caniile*eT  bridgie,  176; 
ereclion  of,  by  building  oul,  176-177  ; 
description  of  n< '  " 


(,  450  :  Aire  and  Calder  Navign- 
»>i  386,  390 ;  Amslerdam,  403- 
403.  40S-409.  4"5  i  Arizona,  430 
Ballic.  40a,  404.  405.  408-411.  4"5  : 
Beai  Kivei,  430  1  Bniget,  403,  404, 
409,4H-4'3.4IS.  473.478 
Canal  du  Ceniie,  Belgium,  386,  390, 
39S ;  Canal  dn  Centre,  Frante,  386, 
3*7.389-391 ;  Cnuveri,43S  ;  Cavour, 

JO,  43«  J  Cbicago  Drainage,  40-43, 
7,  403  i  Corinlh,  402,  406,  408 
Notte,  430  !  Dotimund-Enis,  385- 
„  387.  398-399 
GMlgei,    430,    431  I    Gloucester    and 

Berkeley,  385  :  Coduveii,  435 
Idaho,  430,  431 
Kirtiu,  435, 
Loire  laWnl.    417:     Lower    Ganges, 

430,  43".  433 
Manchesier,   401,    409-^10,   412-413, 

415-416 
Uaiie.  385.  3S6  ;  Marseilles,  430,  431  ; 

Mowede,  385-387, 39° :  Morris,  393 
NeuSbssc,  393,   396-397  :  Wicarngua, 

409,410.414-4151  Nil*^.  435 
Obi-Vmiesei,  385  ;  OriNsa,  435  ;  Onrcq, 

PauDia,  403,  403,  409-410,  414 
St.  Denis.  385,  391  ;  Si.  Louis  lateral, 
364.  417;  St.  Maty's  Falls,  385, 
Ml  :  Saull-Sainte-Mane,  387,  391  ; 
Sfrhincl,  4P.  431  \  Sraie,  430-433  ! 
Soolango,  383,  387, 390-39*  •<  Sum, 
tiaa-~^H-  4O6-40S.  4"3-4'4.  417 
Tcni««Mii,  403.  409  :    furtoik,  430, 

Vcidoo,  431 

U'eavn  Navigalioii,  386,  390,  396 ; 
Welland.  3S5,  39I.  Sec  Airt  and 
Ctldrr  NoKtMitn,  A  mt Iff  Jam 
Cmal,  BalHe  Canal,  Hi. 


I  notable,  of  large  span. 

Cut  tile  ver  BridgM  described,  Forth, 
173-175,  177,  iSo-(8l  ;  Fraser  Rivet, 
178;  Hiigli  Jubilee,  174,  175,  177, 
179-180;  Kentucky  River,  163,  176; 
Memphis,  174,  175,  177,  I79  1  Niagara, 
I73-I7S-  177.  178.-  Poughkeepsie,  174, 
"75.  177-179:  Sukkut,  174,  175,  177, 
179.     Scejutr/A  Bndgt,  Hiigli  Jntnltr 

Cantilsvcr  Crane,  ducripiion  of,  for 
removal  of  excavations  on  Chicago 
Drainage  Canal,  41 

Cape  Bear  Li^htboQie.  periods  of  groupi 
of  flashes  eniilled  by,  493 :  inteuity  of 
fla^h  from,  493 :  three-flash  optical 
apiJaralus  al,  493 ;  source  of  light  al, 
493 

Cape  Celon;  Ballwayi,  gauge  of,  345  ; 
cosl  of,  365  ;  cost  of,  reducwl  by  narrow 
gange  of,  265 

Cardiff  SMki,  accessible  only  towards 
high  tide,  for  large  veuels,  449 ;  half- 
tide  basins  adopted  at,  456 ;  dimensions 


4 


:e  lock  in 


.1,460: 


I       supplied  with  fresh  water  to  eiclude 

muddy  tidal  water,  468 
I  CMtelet  Bridge,   139  ;  example  of  large 

masonry  arch,  I19  ;  centering  used  for 

erection  of,  139;  dimensions  of,  and 

cost.  139 
Caet  Iron,  34-2S;composiiion  end  sirength 

of.  24  !  for  arched  brldgci,  14-35,  130 ; 

objection   to  use  of,  for  bridges,   35, 

133  ;  I'atious  uses  for,  35  ;  safe  slreesa 

'   Ctit-inn   Bleepart,  349;   conditions  of 
use  of,  349  1  description  of,  349 
Caaveri  Delta  Canali,  area  irrigated  by, 

435  :  i^rye  revenue  derived  from.  435 

CaTonr  Can*!,  fall  of.  430;  width  oiul 

I       disclisige  of,   430 ;   curried  over   the 

Dora    Batiea    in   an  aqueduct,*  431  1 

carried  in  liphoii  culverts  under  rivers, 

I       431  j  drawing  lu^ly  from  Fo,  t^  \ 
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lenglh    of.    and     area 


riyale 


by. 


I 


C«Btait,  15-iS;  nntuial.  Koin.iD,  15 :  , 
Meriinft,  15-16;  linwi  uiixwl  with  1 
i-olcaniceuihi,  i6;uiiliciiil,  Poitknd,  1 
uitl  ilagi  1 6 ;  inanafaclure  Mid  proper  ' 
composition  of  Portland,  16-171  irsiXi  ! 
iot  fincDcss,  stiFngtb,  sod  Miuiidness 
of  Poilland,  i;-l8  ;  Portland,  used  for 
■uliaqucousfouDilatioiis  of  bescon&i  496  j 

Cuitml-Kall   Sjitam  on  Inolinei,  373- 
174  i  aiT»Bgem«it  of,  a73 ;  descripiion 
of,    on   leroporaiy   Mopt   Cenis   Fell  . 
Railway,    S73 ;    vduo   of,    873 ;    uMd   I 
formerly  on  Canugallo  Railway  incline, 
271-274  ;  dc%ri|iiioii  of,  on  Kimutuka   ' 
incliDe,  274;  saving  effected  by  adoption 
o(,  for  Kimotaka  incline,  374  ;  value  of,   j 
aflccltd  by  weather,  286  | 

t   BailTay,    penetration  of,   by   ' 
L'k    into    mountain    regions,    2S6 ;   1 
lure  of   works  of,  2S6 ;   worked  by   | 
M^lricily  generated    by  waler-power, 
-.6  ;  proposed  exientdon  of,  386 

ChariuB  Croia  Bridga  Fiara,  69-70 ;  con- 
:,liuclion  of.  by  nid  of  cast-iron  cylinders, 
69-70 

Cluiiueal  TrsatmMit  of  Bcvaga,  559- 
560 ;  uf  London  at  Barking  and 
Cro&nes&i  557;  for  clarification  of  liquid 
und  precipitation  of  solids,  559  ;  seiragc 
di»iJed  by,  ii«o  purified  clflaent  and 
Uudge,  559  ;  merits  and  disadvantages 
of,  by  lime  alone,  560 ;  advantage  of 
adding  chloride  of  lime,  or  salts  of 
alumina  and  iron  to  the  lime  for,  560 ; 
ferrous  sulphate  and  lime  used  for,  of 
London,  56a  ;  superiority  of  ferric  over 
ferrous  salts  for,  but  more  costly,  560  ; 
constituents  and  aclioa  of  A.U.C. 
process  for,  560;  explanation  of  good 
results  of,  with  tcnoione  and  filtration 
of  eliluenl  ibrongb  polaritc,  560  :  vary- 
ing results  of  methods  of,  due  10 
variable  constitulion  and  dilution  of 
iewnge.  560,  565  ;  not  commercially 
prolilabic,  565 

ChamiatiTi  value  of,  for  detennining 
4lreoglh  of  materials,  6,  16-17,  25- 
16,  rnaDufactuTC  of  explosives.  6,  5 1 , 
putificBtioii  of  sewage,  6,  559-561.  564^ 
;6S,  and  purity  of  water,  536-Sao 

OliarboiirB  Brealcwal«r,  detached,  shelter- 
ing bay,47i  ;  apron  of  concrete  blocks 
i>n  inound  at  sea  face  of  superstructure 
tif,  founded  at  low  water,  479  ;  quay 
on  lop  of  supcrslruclure  of,  479 

CbiotSD  Drainag*  Canal,  de>criplion  of 

of  eica»»lii.ins,40-v(a,  40J  i  for  diverting 


licvrsge    froni     Lake    Michigan 


CUeagD  Tniuuli  imdar  £ftka 

218-119  ;  for  drawing  supply  of  wwa 
frum  lake.  21S;  constraelloQ  of,  «8- 
219 1    sices,   lengths,   diichuscs,  lul 

ClUgiiMto  Ship-Bailwar,  395 ;  adaptoiin 
of  inclines   to   coasting    i-csseb,   JMi 

object  and  description  of,  395  1  ux  U 
vessels  10  be  accommodated  by,  iDl 
speed  of  transit  proposed,  395 

ChiliaB  KallwaT*,  gauge  of.  245 1  c»i 
of,  365 ;  Anglo-Chilian  Railway  in- 
stance of  lighl  line  of,  256 

Chitttavmtt  Bridge  Pian.  71  ;  eoaI»c- 
tion  of,  by  sinking  cast-iron  cjUn*" 
in  pairs,  71  ;  four  pairs  of  cyUnlM 
for,  sunk  by  aid  of  compreraed  lir,  JI, 

ClnoinnAti  SoDtliBni  SaUwaj  Bridg>. 

(60i  elevation  of,  tbo  '.  girders  of,  boi'l 
with  vertical  stmts,  160,  t6liiatioiif 
depth  of  girders  of,  to  span,  i6|  ]  ubjrd 
of  cross  bracing  in  centre  of  gtnlBS 
of.  161  i  iiioportion  of  (rejgbi  of  mam 
span  of,  to  large  span  of  KuiltnUn 
Bridge,  162  ;  weight  of  main  span  of, 
163  1  example  of  Whipple  trim,  165 

City  and  Bogth  London  SAil«Bf,]ji- 
232  :  gradients  of,  near  stations  amrfcd 
to  suit  the  trains,  231  ;  dimmitiiB 
anil  ccois  section  of  rings  fbtnunc  utx 
for,  2JI  !  aii-lock  in  tube  A  to 
working  with  comprescd  air,  331,  ]}t 

rate  of  progress  of,  331 ; 

ofstaliunsandliflion,  33 
and  cost  ofl  333 

CivU  SnglnMrtnr,  definition  of,  3: 
objects  of,  3  :  scope  of,  j-4  g  coadnic 
tive  branch  to  be  dealt  with,  4 ;  telUM 
of,  lo  science,  4  ;  matbncalics  »  ^ 
plietl  to,  5  1  physics  as  oMlinl  In.  ]-« '■ 
chemistry  in  relation  to,  6  :  polotf  >.i 
relation  to,  6-7 ;  mcteoroloQi  in  rilani* 

Civil  Englnaeit.  value  of  works  ankd 
■nit  by,  3;  sciences  a^'plied  by.*.}-:- 
scicnlific  retiuiremmts  of,    7-8  1  Jt! 

CiTiu  TaeehiA  Outar  BnakraUr.  tt^ 

detached,  shclterlni;    .■nir.iui.i    (l.  r-^-- 

CleroUnd  TuimI  unii< 
for  drawing  supp\v    ■ 

cutter  used  in  cunsliuctiiw.  no 
Clisb;  OnUall  fnKr,  54S-JJ1:  ao- 
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construction,  and  £dl  of,  548 ; 
ing  discharges  of  three  outfall 

at  Clichy,  54S-549 ;  con- 
.  under  streets  to  Clichy  by  aid 
d  and  cast-iron  centres,  549  ; 
>n  of,  from  Clichy  to  Herblay 
ration  of  land,  549,  550 ;  size, 
iinxd  section,  and  construction 
nsion  of,  549-551  ;  course  of, 
ss  sections  of  extension  of,  550 ; 
don  of  works  of  extension  of, 
ossings  of  Seine  and  branch  to 
h  55o»  551 »  capacity  of  exten- 

for  discharge,  551  ;  provisions 
ss  to,  by  miuiholes,  550,  551 
iff  Bailway,  297-298  ;  course, 

rise,  length,  and  gradient  of, 

ize  of  tunnel  traversed  by,  297  ; 

of  working,  with    cable  by 

of  water  counterpoise,  297  ; 
ment  of  carriage  on  track  of, 
ydraulic  brakes  for  controlling 
on,  297-298 

hu^niioii  Bridge,  141,  144- 
levation  of,  141  ;  situation  and 
tion  of,  144-145  ;  deflection  of, 
test  load,  144  ;  relation  of  dead 
ving  loads  on,  144  ;  roadway  of, 
i  bv  longitudinal  girders,  146 
Yalley   Sailway,    instance   of 

narrow-gauge    railway,    266 ; 

gauge,  and  cost  of,  266 
r«r,  371-372;  length  of  dredged 
1  of,  and  depth  obtained,  371  ; 
ed  tidal  condition,  capacity, 
•ur  of,  by  deepening,  371 ;  dredg- 
essary  for  maintaining  depth  of, 
nundations  of  riparian  lands  by, 
1  by  increased  discharging 
y,  371-372  ;  rate  of  enlargement 
iwards  below  Glasgow,  377 ; 
',  into  large  tidal  estuary  with 
depth,  378 

oiM  Paving,  86-87 ;  largely 
rmerly,  86  ;  defects  of,  87  ;  used 
iway  tracks  in  United  States,  305 
U,  SS-60 ;  objects  of,  58  ;  con- 
m  of,  58-59 ;  single-sheeted, 
ction  and  construction  of,  with 

puddle  wall,  59  ;  wrought-iron 
,  59-60 ;  examples  of  employ- 
o(  plate-iron  caissons  for,  60 ; 
istruction  of  entrances  to  docks, 

Breakwaten ,  472,  478 ;  forming 
J  and  sheltered  approach  to  port, 
72 ;  projecting  from  shore  and 
ed,  providing  two  entrances, 
.72 ;  plan  of  harbour  showing, 
ridths  of  entrances  between,  476  ; 


section  of  north-west  breakwater,  478  ; 
foundations  of  superstructures  of,  suc- 
cessively lowered,  480 ;  superstructure 
of,  formed  of  rows  of  sloping  blocks 
bonded,  connected,  and  capped,  481- 
482  ;  sea  slope  of  mound  near  super- 
structure of,  protected  by  concrete  bags, 
482 ;  northern  breakwater  formed  of 
rubble  mound,  486 

Compeniatlon  Water,  volume  of,  dis- 
charged from  Thirlmere,  518;  in 
return  for  abstraction  of  flood-waters, 
519  ;  stored  up  in  reservoir  in  addition 
to  water-supply,  519  ;  proportion  of, 
to  volume  impounded,  for  manufac- 
tories, 519  ;  to  maintain  flow  of  stream 
below,  up  to  a  definite  volume,  520 ; 
volume  of,  to  be  discharged  from  Elan 
and  Claerwen  reservoirs,  520 ;  volume 
of,  from  Vyrnwy  reservoir,  527  ;  out- 
let culvert  for  discharge  of,  formed 
through  Vyrnwy  dam,  529  ;  outlet  for, 
at  Thirlmere  away  from  dam,  529 

Compreiaed  Air,  difficulties  with,  at 
Hudson  Tunnel,  221  ;  used  subse- 
quently with  shield  and  tube  at  Hudson 
Tunnel,  221-222  ;  with  shield  and  tube 
for  Blackwall  Tunnel,  222-223  >  diffi- 
culties in  use  of,  223  ;  illness  resulting 
from  working  in,  and  remedy,  74-75  ; 
224  ;  in  constructing  tubular  railways 
in  water-bearing  strata,  230 ;  for  City 
and  South  London  Railway,  231-232  ; 
for  Glasgow  District  Railway  under 
Clyde  and  in  water-l)earing  strata,  235 

Compresied  -  Air  Foundation!,  74-78  ; 
value  of,  74 ;  method  of  carrying  out, 
74 ;  for  Antwerp  quay  walls,  75-76, 
441  ;  for  bridge  piers,  76-78  ;  for  Eiflel 
Tower,  77  ;  for  Rochefort  dock  walls, 
77-78  ;  constructed  with  movable 
caissons,  78  ;  for  piers  of  river  quays 
at  Lisbon  and  Bordeaux,  442,  443  ;  for 
new  entrance  lock  at  Havre,  460 

Concrete,  20-24  ;  importance  and  com- 
position of,  21  ;  proportions  of  materials 
m,  in  various  works,  21-22  ;  forms 
and  uses  of,  22-24 »  foundation  for 
street-paving,  88,  89,  91,  93  ;  for  paving 
footpaths,  96  ;  foundation  for  tramway 
tracks,  302  ;  for  rendering  canals  water- 
tight, 385  ;  for  foundations  of  dock 
walls,  451  ;  for  foundations  of  locks, 
460  ;  for  conduits  and  lining  of  tunnels 
on  Thirlmere  aquaduct,  532,  534 

Concrete  Bagi,  uses  and  advantages  of, 
22-23  ;  upper  sea  slope  of  mound  of 
north-west  breakwater  at  Colombo  pro- 
tected by,  478,  482  ;  Newhaven  break- 
water formed  with,  up  to  low  water, 
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478,  483  ;  for  connecting  sloping  rein's 
of  concrete  blocks  like  dowels,  482  ; 
for  levelling  rocky  bottom  for  Aber- 
deen south  breakwater  and  forming 
north  breakwater  up  to  low  water, 
483  ;  for  protecting  base  of  upright- 
wall  breakwater    from  erosion,   483- 

484 

Concrete  Blocks,  value  and  construction 
of,  22  ;  jetties  at  Salina  mouth  consoli- 
dated with,  365  ;  Mississippi  South 
Pass  jetties  protected  with,  365,  366  ; 
large,  floated  out  in  caissons  for  western 
breakwater  at  Nervion  outlet,  375, 484, 
487  ;  forming  Port  Said  breakwaters, 
407,  477 ;  large  rubble,  for  Dublin 
quay  walls  in  Liffey,  442  ;  for  quay 
walls  in  sea  at  Marseilles  and  Mormu- 
gao,  442,  443 ;  saving  in  materials 
effected  by,  and  methods  of  depositing, 
in  mound  breakwaters,  477  ;  sections 
of  breakwaters  formed  with,  478  ; 
examples  of,  protecting  mound  along- 
side sea  face  of  superstructures  of 
breakwaters,  479  ;  object  and  method 
of  laying,  in  sloping  rows,  481  ;  mound 
of,  for  protecting  superstructures  of 
breakwaters,  482 ;  used  for  construc- 
tion of  Dover  breakwaters,  482-483  ; 
in  south  breakwater  of  Aberdeen,  up 
to  low  water,  483  ;  large,  floated  out 
in  caissons  for  Zeebrugge  breakwater, 
484 ;  laid  by  Titans  in  breakwaters, 
481,  485,  486  ;  stability  of  breakwaters 
increased  by  increased  size  of,  em- 
ployed, 487 

Concrete-in-mass,  uses  and  advantages 
of,  23-24  ;  for  retaining  walls  to  keep 
up  slopes  in  widening  railways,  243  ; 
for  reservoir  dams,  421,  422,  520;  for 
dock  walls,  449,  453,  454  ;  for  graving 
docks,  466,  467  ;  provision  against 
percolation  needed  for,  when  usetl  for 
graving  docks,  467  ;  sections  of  break- 
waters having  their  upper  parts  formed 
with,  478  ;  capping  of,  for  connecting 
sloping  rows  of  blocks,  481  ;  deposited 
under  water  within  framing  by  skips, 
483  ;  upper  portions  of  breakwaters 
formed  with,  483 

Consumption  of  Water,  periods  of 
maximum  and  minimum,  536  ;  causes 
of  variations  in,  per  head,  540-541  ; 
estimated  reasonable,  per  head,  541  ; 
variations  in,  with  seasons,  541  ;  inter- 
mittent supply  for  keeping  down,  541  ; 
l)revention  of  waste  with  constant 
supply  for  reducing,  541-542;  water- 
meters  for  measuring,  542 

Continuons-Oirder    Bridges,    167- 171  ; 


modification  of  stresses  in,  spanning 
two  or  more  openings,  167-168 ;  dis- 
tribution of  loads  on  piers  of,  and 
stresses  along,  spanning  two  openings, 
168  ;  advantages  of,  16^169  :  Lsu:hinc 
Bridge  example  of,  160,  169  ;  erection 
of,  by  rolling  out,  as  exemplified  by 
Bouble  and  Credo  viaducts,  1 69-1 71 ; 
compared  with  cantilever  bridges,  174, 
176 

Contract,  works  to  be  carried  out  by, 
indicated  by  drawings  and  specifica- 
tion, 31,  32  ;  tenders  for,  32  ;  lump- 
sum, based  on  schedule  of  prices,  33 ; 
payments  on  account  of,  and  retentions 
during  progress  of  works  under,  34; 
conditions  of  execution  and  completion 
of  works  under,  34-35 

Contract  Drawings,  31 ;  objects  of,  31; 
contract  based  on,  and  specification, 

Control  of  SlTor  Flooda,  329-332 :  by 
afforesting  mountain  slopes,  329;  by 
arrest  of  detritus,  329  ;  by  removing 
obstructions  from  river-bed,  329-330 ; 
by  enlargement  of  channel,  straight 
cuts,  and  catch-water  drains,  330;  by 
embanking  channel,  330-332 

Conway  Tabular  Bridge,  159  ;  introduc- 
tion of  wrought  iron  for  girders  at,  25 ; 
description  of,  159 ;  deflection  and 
cost  of,  159  ;  erection  of,  by  floating 
out  tubes,  159  ;  weight  of  one  tube  of, 

163 

Corinth  Canal,  402,  406,  408  ;  cross  sec- 
tion of,  402;  dimensions  and  slopes 
of,  402,  403  ;  headway  and  span  of 
bridge  across,  406  ;  instance  of  open 
channel,  ^06  ;  description  of,  406,  40S 

Corris  Bailway,  instance  of  cheap, 
narrow-gauge  railway,  266 ;  length, 
gauge,  and  cost  of,  266 

Cont  ot  Bribes  :— Masonry :  Antoinette. 
Castelet,  Gour-Noir,  Lavaur,  129- 
Afetal  Arched  :  Garabit,  131  ;  Luii  1.? 
134  ;  Niagara  River,  133  ;  St.  I>oQis, 
131  ;  Salmon  River,  Stony  Creek, 
133.  Suspensiofi  :  Albert,  148  ;  Brook- 
lyn, Brooklyn  new  (estimated),  140; 
Francis-Joseph,  142  ;  Friburg,  1405 
Lambeth,  146  ;  Lamothe,  144 ;  Menai. 
Niagara,  140  ;  Pittsburg  Point,  149  5 
Rochester,  U.S.,  151  ;  St.  Ilpiic,  143- 
GircUr :  Conway,  159  ;  Hawkcsbun*. 
165  ;  I^achine,  169.  Cantil^^cr :  Forth, 
181  ;  Hiigli  Jubilee,  l8o  ;  Sukkur,  I79 

Cost  of  Cable  Sailwayi :  Giessbach. 
295  ;  Lyons  Suburban,  298  ;  Mont  St. 
Salvatore,  294;  Stanzerhom,  292; 
Territct-Glion,  296 


OF  CANAIi  lilFTa     579       COVINGKFON   BREDGE. 


uial  lifts:  Fontinettes,  307 ; 
enburg,    399 ;    La    Louviere, 

•dging  (per  cubic  yard),  with 
:rice  in  Garonne,  43 ;  with 
adder  dredgers  on  various 
3  ;  with  sand-pumps,  54 
Dayation  (per  cubic  yard),  with 
>rs  on  Manchester  Canal,  53 
ountain  Bailwayi  (per  mile), 
1,  of  Wellington  and  Feather- 
dlway  by  Rimutaka  incline, 
rth-Rigi,  277  ;  Bernese  Ober- 
riinig,  285  ;.  Drachenfels,  277  ; 
;-Vordemberg,  285  ;  Generoso, 
aye,  281  ;  Gomergrat,  282  ; 
184  ;  Manitou  and  Pike*s  Peak, 
latus,  278  ;  Rothorn,  281  ;  St. 
ialtino,  279 ;  Sal^ve,  282  ; 
j-Gaisberg,  Schynige- Platte, 
>nowdon,  282 ;  Usui,  283  ; 
rmatt,  285  ;  Vitznau-Rigi,  276  ; 
n-Alp,  277 

lailwayi  (per  mile) :  Berlin 
1,  241  ;  City  and  South 
»  232 ;  Liverpool  Overhead, 
London  Metropolitan,  232  ; 
[etropolitan  (estimated),  234  ; 
^rent    gauges    in    India,    246, 

standard  and  narrow  gauges 
different    physical    conditions, 
Argentina,  265  ;  Austro- Hun- 
Belgium,    264 ;     Brazil,    265  ; 

264 ;  Cape  Colony,  Chili, 
France,  Germany,  Holland, 
taly,  264 ;  New  South  Wales, 
^land,  265  ;  Norway  and 
,  264 ;  Queensland,  265  ; 
264  ;  South  Australia,  265  ; 
Switzerland,  264  ;  Tasmania, 
,265  ;  United  Kingdom,  United 
264  ;  West  Australia,  265  ;  of 
I  and  narrow  gauges  in  India, 
mdard  and  light  of  Belgium, 
;ate  and  light  of  Sweden,  265  ; 
narrow-gauge,  Festiniog,  265, 
aid,  266  ;  some  of  the  cheapest 
lilways  in  United  Kint^dom, 
pie  and  Lynton,  Clogher  Valley, 

Listowel  and  Ballybunion, 
I,  Torrington  and  Slarland, 
beap  narrow-gauge  in  France, 
Dives,  and  Luc-sur-nier,  Pithi- 
mry,  266  ;  light  Anglo-Chilian 

266 

Iyer  Quays  (per  lineal  foot)  : 
441  ;  New  York,  442 
ok  LighthouieB,  limits  of,  per 
ot  of  contents,  492 
reet-Paving  (per  square  yard). 


with  stone  setts,  88  ;  with  wood  blocks, 
90  ;  with  bricks,  92  ;  with  asphalt,  93 

Coit  of  Tramwayi  (per  mile),  316-317  ; 
Canada,  316;  United  Kingdom,  316; 
United  States,  316,  317  ;  Pennsylvania 
and  Massachusetts,  317  ;  Berlin,  Black- 
pool, Budapest,  Havre,  317  ;  Leicester, 
Liverpool,  London,  316  ;  Lyons,  Mar- 
seilles, Paris,  Toulon,  Versailles,  Wash- 
ington, 317 

Coit  of  Tramway  Working  (per  car  mile), 
317,    318;    with  horses,   in  Chicago, 

317  ;  United  States,  317;  with  cable, 
in  Chicago,  United  States,  North 
Staffordshire,  Birmingham,  317,  Paris, 
318 ;  with  locomotives,  in  North 
Staffordshire,  Birmingham,  317,  Paris, 

318  ;  with  compressed  air  in  Paris, 
317 ;  with  gas  in  Paris,  317  ;  with 
accumulators  in  North  Staffordshire, 
Birmingham,  317,  Paris,  318;  with 
electric  overhead  wires,  in  Chicago, 
United  States,  North  Staffordshire, 
Birmingham,  317,  Paris,  318 

Coit  of  Tnnneli  (per  lineal  yard),  204- 
205,  211-212,  21S-220  ;  Arlberg,  211- 
212  ;  Baltimore,  Bergen,  205  ;  Black- 
wall,  223  ;  Blaenau-Festiniog,  Bletch- 
ingley,  Box,  Buckhorn  Weston,  204  ; 
Chicago,  219  ;  Chinon,  Church  Hill, 
205  ;  Clifton,  Cowburn,  204  ;  Cristina, 
Czernitz,  Gotthardsberg,  205  ;  Guild- 
ford, Honiton,  204  ;  Hoosac,  Ippens, 
205  ;  Kilsby,  204 ;  Latrape,  205  ;  Lyd- 
gate,  204  ;  Marseilles,  205  ;  Mersey, 
218  ;  Mont  Cenis,  211  ;  Naens,  205  ; 
Petersfield,  204;  St.  Gothard,  211  ; 
Salisbury,  Saltwood,  204;  Simplon 
(estimated),  212;  Singeister,  Sommerau, 
205  ;  Sytlenham,  204  ;  Thames,  219  ; 
Toiley,  204  ;  Tower  Subway,  220 ; 
Van  Nest  Gap,  205 

Covington  and  Cincinnati  Girder  Bridge, 
160,  164  ;  depth  of  girders  of,  reduced 
towards  ends,  154,  160  ;  elevation  of, 
160  ;  advantage  of  curved  top  flange 
in,  161  :  stiffened  by  overhead  bracing, 
160,  161  ;  ratio  of  depth  of  girders  of, 
to  span,  163  ;  peculiar  pin-connected 
girders  of,  164  ;  description  of  girders 
of,  164;  stresses  allowe<l  in,  164; 
rapid  erection  of,  on  scaffolding,  164 ; 
weight  of  girders  of,  164 

Covington  and  Cincinnati  Snspemion 
Bridge,  instance  of  adoption  of  aux- 
iliary cables,  142,  146  ;  span  of,  142  ; 
distance  out  from  towers  of,  supported 
by  auxiliary  cables,  as  well  as  side 
spans,  143  ;  large  span  surmounted  by, 
150 
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r  Cndo    VUdnet,    170-171 


«iih   . 


piece  at  end  of  gin 
of,  by  roUing  on),  17a;  giideis  of, 
sliffciied  nod  counleibaiinceil  (or 
roIliiiKOUt,  170-171 
CrifaToik,  for  breakwalen  and  foundn- 
tioni  of  river  piers,  67 ;  protecting 
Chicago  tunnel  statu,  318-119:  for 
diveruon  weire  lo  supply  inigatioii 
canab,  4}l 
Croton  Aqnedoot,  crtus  wctinn  or,  534 
CrotoD  K«Hmii  Dui  (new),  5»-533, 
526-527  ;  cr^  seclion  of  earthen 
|x>[lii.>n  of,  522  ;  heijfht  ami  depth  of. 
from  sarlace  of  ground,  513  ;  hdghi 
and  vidlhs  of  central  masoniy  wall  of 
eatthen  pari  of,  533-513  ;  conlinuoui 
length  of^masonry  ccnlial  wall  »nd  dams 
acroK  valley,  523  ;  raiwiinuni  height  of 
niaaoniy  portion  of,  5*6  ;  1 


SJ7 :      .       , 

527  :  length  of  waste  weit  on  cicst  or 
special  masonry  part  of,  with  stepped   . 

CnlTertt,   118-119:   maieiiaU  used  for,   ■ 
tlS;  cross  wctioo  of,  under  embank- 
ment,ii8i  various  fornu  of.  11S-119; 
provisions  in  ronstiuciion  of,  to  ensure 
slnbiltty,  iiq 

OOTTM  DB  Baitwayi,  various  examples  of 
limiting,  106-107  )  expressed  in  degrees, 
107 ;  com|>ensation  of  gradients  on, 
107  ;  method  of  setting  out,  I0S-IO9  ; 
tangential  angle  for  setting  out,  109  ; 
limiting,  on  London  Metropolitan 
Railway,  127  j  Paris  Metropolitan, 
333 :  Glasgow  District,  235  j  New 
York  Elevated,  33S  ;  Brooklyn  Ele- 
vated, 339  :  Liverpool  Overhead,  239  ; 
Canadian  Padfic,  346  ;  Indian  rail- 
ways, 146  ;  Fesliniog,  346  ;  Daijeeling, 
346  ;  provisions  for  safety  00,  254-355 

Cutting*  for  Btilwayi,   adjustinenl   of, 
with    embankments,    IIO;    at  side  for 
embankments,    iii  :   (brmation  width 
of,    III:    side    slopes    of,     11I-II3;   . 
calculation   of   ccinlents   of,    lll'tl5  (  | 
piovinons  against  slips  in,   115-117;   , 
causes  of  slips  in,   116  ;  precautions   | 
adopted  in  widening,  243 

Cylinders,   cast-iron,  for  foundations  of 
bridge  piers,  6S-71  ;  for  Charing  Cross 
Bridge  piers,  69--70;  lor   foitiK]aiioni>   < 
of  piers  of  Victoria  Bridge,   rimiico, 
7<»-7l  i  fnr  piers  of  Chittravati  Bridge,   1 


D 

Danu,  of  eatthwork,  60  :  medioiii  al 
cIiKing,  60 ;  of  earthwork  for  recUa' 
ing  siici   for  docks,  and   meibiids  tl 

Duiabt  Siver,  example  of  Luge  tidriei 
river,  359 ;  causes  retarding  adnnci 
ol  delta  of,  362 ;  proportion  of  allu- 
vium 10  discharge  of,  363  ;  nsulu  «f 
harrowing  and  dredging  on  jSuIina  In 
*>(■  3^3  >  causes  of  lelection  of  Sulini 
month  of,  for  improvonent,  364-365 : 
proportionate  discharges,  and  advaDiz 
of  delta  at  outlets  trf,  364;  origioi] 
depth  over  Sulina  bar,  constTDCliM 
of  jeliiis,  and  resulting  ileepenirs, 
365  ;  dredging  for  improving  Sulira 
outlet  channel  of,  and  results,  365 

Dujeeling  Hsilwftj,  gauge  of,  245, 146: 
sharpest  cnrves  on,  346  ;  calBlmclinii 
of,  rendered  possible  by  nartow  g»^. 

DMid  Load,  dehnition  of,  on  sltndure^ 
27,  III  ;  lopid  increase  of,  wilbqan 
of  bridges,  isi  ;  importance  of  (utjna- 
ment  of,  on  bridges  of  la^e  sjan. 
131  ;  on  aqot'dncis,  121  ;  of  BrookliB 
Bridge,  146  1  of  Forth  Bridge  compURd 
with  moving  load,  181 

Dea  SiTBi,  ojienbg  into  sandy  atatj, 
378  1  Citupry  diannel  of,  tballoir  inl 
shifting  beyonil  training  waUi,  3^1: 
leduciion  in  depth  of  onilel  channel 
of,  by  reclamalions,  3S1,  500 

Deltas,  causes  of  fonnation  of,  361^ 
ndsance  of,  and  poiilion  of  bsii  il 
outlet?,  dependent  on  discharge  -^i 
branches,  361,  364,  365  ;  progiffii" 
of  .bars  seawards  witJh,  363  ;  pkn  d 
Mississin>i  della,  363 ;  conditions 
afleciing  advance  of,  wilh  ejuunj^ 
of  Volga,  Mississippi,  and  Dutilc- 
362-363 ;  advance  of  Rhone  iktia 
hasieni^  by  coneenlration  of  dbtJuif- 
364  ;  indicaliooE  of  advance  of  delni' 
fionl  of  SuUna  moulh,  365  i  indiolwrn 
of  advance  of  delta  in  front  of  Mis»- 
sippi  South  Pass,  366 

DentbM  Lak*  (or  Tsana  Lake),  nbM«l^ 
fur  storing  up  water  fer  bdgiit^ 
Upper  Egypt  and  Sennaar,  ^tf: 
channel  for  conveyance  of  stored  >nU" 
from,  provided  liy  Hlur  Nile,  435 

DenTST  and  Slo  6ruid*  Ballwty,  niEiC 

giadieol  (111,    105,   3T*i  elevaliis' "i- 
niounlfl  by.  372 

Dippar  Bucket  Dr«dgn,  45  ;  i!c»crii"i'«' 

"f"  45  •  lescmblance  of.  to  Uram  ni»v». 
'    -  '     liable  wctk  (oitiS 
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go  of  Sowage  into  the  Sea,  556- 
doring  early  period  of  ebb  tide, 
reservoir  or  enlarged  sewer  re- 
1  near  outlet  for,  550 ;  unsuitability 
y  or  sheltered  position  for,  556  ; 
lay  outfall  sewer  constructed  for, 
id  Torbay,  556  ;  outfall  sewer 
'ucted  for  diverting,  from  Brighton 
3ttingdean,  557  ;  object  of,  and 
'ements  for,  557 

go  of  Sewage  into  Tidal  Eitoary, 
,57  ;  during  early  part  of  ebb  tide, 
reservoir  required  for  receiving 
;e  during  closure  of  tidal  outlet  for, 
pumping  from  low-level  sewer 
5  efiected  at  Crossness,  556  ;  un- 
ictory  result  of  direct,  at  Barking 
Crossness,  557;  clarification  of 
on  sewage  at  outlets  before  its 
irge,  and  sludge  carried  out  to 

57 

lof,  68,  69 ;  for  piers  in  sand  or 

>8  ;  method  of  sinking,  68  ;  for 

of  Leven  and  Kent  viaducts,  68, 

I  of  Sewage,  555-566  ;  primitive 
>ds  of,  544-545 ;  abandonment 
r  discharge  into  rivers,  555  ;  ex- 
•n  of  outfalls  for,  in  tidal  estuaries 

J  sea.  555-556,  556-557  ;  three 
ids  of,  adopted  in  inland  districts, 
by  irrigation  of  land,  557-559;  by 
cal  processes,  559-560 ;  purifica- 
y  electrolysis  for  facilitating,  560- 
separation  of  solids  from  liquids 
iks  for,  561-563  ;  treatment  of 
*  deposited  in  chemical  processes 
563-564 ;  bacterial  purification 
164-565  ;  absence  of  profit  in 
caJ  processes  for,  565  ;  benefits 
r  imgation  of  land,  565  ;  pros- 
of  bacterial  treatment  for,  566 
ition    of   Water.    540-543 ;    by 

and  service  pipes,  540 ;  pre- 
ens needed  in  laying  pipes  for, 
calculation  of  discharge  through 
for,  540  ;  daily  amount  required 
er  head,  540,  541  ;  intermittent 
instant,  541  ;  objections  to  intcr- 
it,  541  ;  precautions  necessary  in 
ling  constant,  541  ;  prevention 
ste  in,  541-542  ;  measuring,  by 
,  542  ;  merits  of  drawing  muni- 

and  domestic  supplies  from 
:nt  sources,  542-543  ;  in  Paris 
Seine  and  purer  sources,  543  ; 
tage  for  London  of,  from  Wales 
mestic  ase,  543 

itei,    461-464 ;    materials   used 
^6i  ;    arrangements  of  parts  of. 


461-462  ;    sections  of,   462  ;    relative 
merits  of  wood  and  iron  for,  462-463  ; 
instances  of  wood  and  iron,  at  ports, 
462-463  ;  forms  of,  and  pressures  on, 
463-464 ;  support  of,  464 ;  advantage 
and  defects  of  rollers  for  supporting, 
464 ;  methods  of  moving,  464 ;   cais- 
sons in  place  of,  464-466 
Docks,  446-468  ;  suitable  sites  for,  439- 
440  ;  to  avoid  large  tidal  fluctuations, 
440 ;    distinction    proposed    between, 
and    basins,   446 ;   different    arrange- 
ments for  forming  long  lengths  of  quay 
in  proportion  to  water  area  for,  445- 
449  ;  approaches  to,  natural  and  artifi- 
cial, 448-449  ;  approaches  to,  sheltered 
by    breakwaters,    449  ;   jetty-channel 
approaches  to  seacoast  ports,  449-450  : 
conditions    afiecting    depth    requisite 
for,  450  ;  methods  of  excavating,  450- 
451  ;     reclamation    of   sites    for,    by 
embankments,  and  their  closure  ;  451  ; 
cofferdams  for  construction  of  entrances 
to,  451  ;  walls  for,  451-454;  pitched 
slopes  and  jetties  for,  454  ;  access  to, 
455  ;  tidal  basins  leading  to,  455-456  ; 
entrances    and    locks    to,    456-466  ; 
hydraulic  power  for  working,  467-468  ; 
maintenance  of  depth  in,   468.     See 
also    Dock-Gates^    Dock    Walls ^    En- 
trances to  DockSy  and  Locks  to  Docks 
Dock  Walls,   451-454 ;   proportions   of 
concrete  in,  at  Albert  Dock,  London, 
and  Chatham  Dockyard,  22  ;  founde<l 
on    wells,  at  Glasgow,  64,  452,   Bor- 
deaux, Havre,  Rochefort,  St.  Nazaire, 
65,  452  ;  various  methods  of  founding, 
451-452  ;  pressure  against,  452  ;  pro- 
visions against  movement  of,  452-453  ; 
typical  sections  of,  453  ;  forms  of,  453- 
454  ;  suitable  thicknesses  for,  midway 
up,  and  at  dock-bottom,  454  ;  materials 
used  for,  and  construction  of,  454 
Dortmund-Emi  Canal,  provided  for  large 
traffic,  385  ;  dimensions  of,  386  ;  ton- 
nage of  vessels  accommodated  by,  386  ; 
cross  section   of,  387  ;   description   of 
large  floating  lift   on,   at   Henrichen- 
burg,  398-399 
Doable     Side-rack,    277-278  ;     Pilatus 
Railway   laid    with,    277  ;    similar    in 
j)rinciple   to  central-rail  system,  277  ; 
great    tractive    and    controlling   force 
secured    by,   277 ;    working  of  trains 
with,  278 
Dover     Harbour,     providing    sheltered 
access  to  seacoast  port,  449  ;  formed  by 
breakwaters  from  shore  and  detached 
breakwater,  471  ;   width  of  entrances 
to,  476  ;  section  of  west  breakwater  at. 
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478  ;  construction  of  breakw-aters  at, 
482-483  ;  stable  but  costly  system  of 
breakwater  foundations  at,  487 

Draehenfelf  Sailwaj,  laid  with  ladder- 
rack,  276  ;  worst  gradients  and  curves 
on,  276  ;  gauge  and  sleepers  of,  276  ; 
cost  of,  277 

Drainage,  in  tunnels,  203-204  ;  gradients 
for,  in  Alpine  tunnels,  207  ;  of  sub- 
aqueous tunnels  by  special  headings, 
215-217  ;  of  Severn  and  Mersey  tun- 
nels, 218  ;  of  lands  reclaimed  from 
LAke  Y,  415,  503-504;  of  Haarlem 
Meer  reclamation,  504 

Draw-door  Wein  (or  sliding  gates),  344- 
346  ;  for  regulating  flow  of  rivers,  344 ; 
general  form  and  working  of,  344 ; 
example  of,  at  Teddington,  344  ;  slid- 
ing on  free  rollers  at  Belleek  and 
Ballinasloe,  344-345 ;  description  of 
half-tide,  on  free  rollers  at  Richmond, 
345-346;  head  against,  at  Belleek, 
346  ;  footbridge  required  for  working, 
346 ;  advantages  of  free  rollers  and 
counterpoise  for  working,  346  ;  sliding 
on  free  rollers  for  closing  sluices  in 
Assuan  dam,  423,  and  openings  in 
Rossetta  and  Damietta  barrages,  434- 

435 
Dredgers,  42-50 ;  bag  and  spoon,  42-43  ; 

bucket-ladder,  43-45  ;  dipper  bucket, 

45  i  grab  bucket,  45-46  ;  sand-pump, 

46-49  ;  relative  uses  and  advantages  of 

the  various  types  of,  49-50.      See  Bag 

and  Spoou^  Bucket- Ladder  Dredger^  etc. 

Dredging,  42-54 ;  importance  of,  36  : 
excavalini;  under  water,  37  ;  with 
various  machines,  42-50  ;  methods  of 
breaking  up  rock  previous  to,  50-52  ; 
methods  of  removing  materials  raised 
by,  52-53  ;  compared  with  excavation, 
53  ;  co>t  of,  53-54 ;  depth  at  jetty 
outlets  increased  by,  361,  449-450; 
adopted  recently  for  improving  Sulina 
outlet,  365  ;  efi'iciency  of,  in  small 
tidal  rivers,  as  exemplified  in  the  Clyde 
and  the  Tync,  371  ;  required  for  main- 
taining depth  of  Clyde  and  Tyne,  371  ; 
increase  in  depth  accomplished  by, 
over  Mersey  bar,  372  ;  in  aid  of 
regulation  works,  375,  377  ;  in  the 
construction  of  ship-canals,  403-404  ; 
access  to  deep  quays  at  Southampton 
obtained  by,  445  ;  depth  of  docks 
maintained  by,  468  ;  for  maintaining 
entrance  channel  to  Bruges  Canal,  475 

Drum  Weirs,  354-356  ;  construction  and 
working  of,  354  :  i>erfect  control  of, 

354  J  particulars  of,  across  the  Marne, 

355  ;     description    of,    across    timber 


passes  alongside  weirs  on  the  Main, 
355  ;  across  navigable  pass  at  Char- 
lottenburg,  355 ;  novel  form  of,  in 
timber  on  Osage  River,  355-356; 
method  of  working,  and  small  cost  of, 
on  Osage  River,  356  ;  value  of,  for 
regulating  discharge,  356-357  ;  exten- 
sion of,  hindered  by  cost,  357 

Dublin  Qnay  Walli,  442  ;  raised  to  1cm' 
water  in  Liffey  by  large  nibble  conaete 
blocks,  442 ;  method  of  depositing 
blocks  for,  442  ;  masonry  wall  built 
along  top  of  blocks  for,  442  ;  section 
of,  442  ;  accessible  at  lowest  tides,  445 

Dufferin  Bridge  Piers,  72-73 ;  descrip- 
tion of  foundations  of,  in  Ganges,  72 ; 
sinking  caissons  for,  72-73  ;  depths  to 
which  the  foundations  for,  were  carried, 
73  ;  increased  depth  of  river  produced 
by  scour  resulting  from,  73 

Dunkirk  Harbour,  449-450 ;  sand-pump 
dredgers  used  for  deepening  approach 
to,  49,  449-450  ;  cost  of  dredging  with 
sand-pumps  at,  54  ;  developed  in  tidal 
creek  and  access  to,  improved  by  jetties, 
sluicing,  and  dredging,  439-440,  44^ 
450  ;  branch  docks  at,  448,  450 ;  plan 
of,  450  ;  iron  preferred  to  wood  for 
recent  dock-gates  at,  463 

Dutch  Bailwayi,  gauge  of,  245  ;  cost  of 
State,  264  ;  gauge  of  light,  269 

Dykei,  334-336  ;  for  regulating  rivci^, 
334-336;  varieties  of,  and  materials 
used  for,  335  ;  objects  of  longitudinal. 

335,  cross,  335,   dipping  cross,  335- 

336,  and  submerged,  335,  336 
Dymchorch  Wall,   501,    502  ;  Romnej 

Marsh  reclaimed  by,  501  ;  section  of. 
502  ;  absence  of  shingle  in  front  ot, 
due  to  Dungeness  Point,  506  ;  descrip- 
tion of  groynes  for  protecting,  5°^' 
506  ;  effect  of  grojTies  in  raising  sandy 
beach  at  toe  of,  502,  506 


E 


Earthwork,  adjustment  of,  in  cuttings 
and  embankments,  109-1 10 ;  in  side- 
lying  ground,  ill;  calculation  of,  in 
cuttings  and  embankments,  112-115 

East  Liverpool  Bridge,  recent  exauiple 
of  stiffened  suspension,  150-151;  par- 
ticulars about  spans,  girders,  an<l 
cables  of,  151 

EddyBtone  Lighthouse,  4S9,  490,  493- 
494  ;  elevation  and  sections  of,  4S9 ; 
construction  of,  490,  491  ;  la)nng 
foundations  of,  expedited  by  brick 
cofferdam,  4S9,  490;  upward  run  oi 
waves  favoured   by  carved  batter  ol 
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;  cylindrical  base  adopted  for 
,  491  ;  height  of  solid  portion 
arrangement  of  rooms  m,  489, 
bells  suspended  under  gallery 
92, 494  ;  periods  of  groups  of 
istinguishing,  493  ;  arrange- 
I  intensity  of  light  exhibited 
3 ;  mode  of  increasing  inten- 
jht  at,  during  fogs,  493-494  ; 
focal  plane  of  new,  above  old, 

)endent  on  Nile  mud  for  its 
328  ;  dam  across  Nile  at  first 
or  summer  irrigation  of,  422, 
w  needed  at  low  stage  at 
>  secure  summer  irrigation  in 
.23-424  ;  inadequate  storage 
for  Upper,  at  Assuan,  425  ; 
r  irrigating  Upper,  and  Sen- 
ainable  from  Lake  Dembea, 
sin  irrigation  by  inundation 
,  427  ;  deltaic  irrigation  in, 
of  Nile  barrages,  434-435  ; 
s  to  deltaic  irrigation  in,  435- 

ir,  description  of  foundations 
iers  of,  sunk  by  compressed 
gh  water-bearing  strata,  77  ; 
which  these  foundations  for, 
rried     below    water-level    of 

irdemberg  Railway,  worked 
on  and  rack,  284 ;  gauge  of, 
igth  laid  with  double  Abt 
I  total  length  of,  284  ;  gra- 
1  curves  on  rack  portions  of, 
ights  of  locomotives  and 
d  speed  on,  284-285  ;  cost 
arrangement  for  entering 
!8i,  285 

{-554  ;  for  lifting  sewage  by 
impressed  air,  553  ;  cross- 
,  and  description  of  working, 
antages  of,  553-554 
luot,  laid  with  conduits  and 
hydraulic  gradient,  and  with 
cross  dips,  $34  ;  section  of 
>n,  534  ;  size  of  pipes  for, 
jest  siphon  and  greatest  dip 

d  Barmen  Bailway,  268-269 : 

length   of,   268  ;  laid   with 

ted   mono-rails   providing   a 

le  for   trollies   carrying  sus- 

rs,  268  ;  worst  gradients  ami 

269  ;  allowable,  and  average 

269 ;    dimensions,    weight, 

lation,  and  methcxl  of  running 

269  ;  elevations  and  sections 

1  line  and  cars  of,  269 


Elbe  Biyor  regulated  in  Germany,  336  ; 
ridge  between  basin  of,  and  of  Eider 
pierced  by  Baltic  Canal,  408,  415  ; 
Baltic  Canal  in  communication  with 
North  Sea  through  estuary  of,  409  ; 
Brunsbtittel  Locks  of  Baltic  Canal 
opening  into,  411  ;  maximum  range  of 
tide  in,  411 

Slootrioity,  used  for  turning  swing- 
bridge  over  St.  Louis  River,  183-184  ; 
motive  power  on  low-level  tubular 
railway,  229  ;  overhead  railwa3rs 
worked  by,  239-240, 241  ;  advantageous 
mode  of  traction  for  underground  and 
overhead  railways,  242  ;  generated  by 
water-power,  282,  286,  292,  294,  351  ; 
actuating  cables  of  Stanzerhom  Rail- 
way, 272,  and  of  Mont  St.  Salvatore 
Railway,  294 ;  Poses  weir  and  lock 
worked  and  lighted  by,  3^1  ;  Soulanges 
Canal  lighted  by,  and  its  locks  and 
swing-bridges  worked  by,  392  ;  used 
for  controlling  motion  of  canal  lift  and 
assisting  passage  of  barges  at  Henrich- 
enburg,  398-399  ;  rolling  caissons 
closing  sea  locks  of  Bruges  Canal 
worked  by,  412,  465  ;  Suez  and  Baltic 
Canals  lighted  by,  417  ;  economical 
means  of  transmission  of  power,  468  ; 
Titans  at  Nervion  outlet  and  Zeebrugge 
harbour  works  actuated  by,  485  ;  used 
for  arc  lights  in  lighthouses  on  im- 
portant headlands,  492  ;  intensity  of 
arc  light  exhibited  at  Cape  Gris-Nez 
and  Eckmiihl,  494 ;  deodorization 
and  purification  of  sewage  by,  560- 
561 

Electric  Bailwayi,  tubular  under  I^n- 
don,  229-230 ;  Liverpool  Overhead, 
239-241  ;  Berlin  Klevated,  241  ; 
Sal^ve,  282  ;  Gornergrat,  282  ;  Cha- 
monix,  286 

Electric  Traction  on  Tramwayi,  313- 
316 :  overhead- wire  system  of, described 
with  its  merits  and  defects,  313-314; 
underground  conductors  for,  objects, 
disadvantages,  and  examples,  314,  315  ; 
accumulators  for,  instances,  disadvan- 
tages, and  value  in  special  cases,  315  ; 
description  of  insulated  surface  con- 
ductors for,' as  laid  in  Lyons  and  Paris, 
316  ;  cost  of,  with  overhead  wires  in 
Chicago,  Uniteil  States,  North  StaflTord- 
shire,  Birmingham,  317,  and  Paris, 
317-318;  cost  of,  with  accumulators, 
in  Nt>rth  Staffordshire,  Birmingham, 
317,  and  Paris,  3 1 7-3 1 8  ;  great  in- 
crease in  length  of  tramwa)rs  worked 
by,  in  United  States  and  Canada,  318  ; 
length    of    tramways  worked    by,   in 
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Europe,  319,  in  England,  319 ;  pros- 
p>ects  of,  319 

Eleotrdlytio  Treatment  of  Sewage,  560- 
561  ;  chemical  changes  produced  by, 
used  in  two  ways,  560-561  ;  by  passing 
sewage  between  iron  or  aluminium 
electrodes,  561 ;  decomposition  and 
precipitation  by,  with  iron  plates,  561, 
with  aluminium  plates,  561  ;  by  dec- 
trolysis  of  sea-water  or  a  solution  of 
magnesium  and  sodium  chlorides,  and 
adding  the  decomposed  liquid  to  the 
sewage,  561 

Elevated  Bailwayi,  in  New  York  and 
Brooklyn,  236-239 ;  in  Liverpool, 
239-241  ;  in  Boston,  241  ;  mono- rail, 
with  suspended  cars,  268-269.  ^^^ 
also  Overhead  Railways 

Embankmentf ,  method  of  forming,  40 ; 
adjustment  of,  with  cuttings,  1 10 ; 
limit  to  height  of,  1 10  ;  formation  of, 
from  side  cuttings,  11 1  ;  formation 
width  of,  III  ;  side  slopes  of,  iii- 
112  ;  calculation  of  contents  of,  112- 
115;  provision  against  slips  in,  115- 
117  ;  causes  of  slips  in,  117  ;  precau- 
tions in  widening,  242  ;  adoption  of 
retaining  walls  for  widening,  242-243 

Sxnpreii  Bridge  Fieri,  method  of  sink- 
ing wells  in  bed  of  Sutlej  for,  64-65  ; 
section  of  well  on  which,  were  founded, 

67 
Entrances   to   Docks,  454-458  :  closed 

by  single  pair  of  gates,  456 ;  ad- 
vantages and  disadvantages  of,  as 
compared  with  locks,  456  ;  advantage 
of,  in  conjunction  with  half-tide  basin, 
456-457  ;  description  of,  457-458  ;  in- 
stances of  two  pairs  of  gales  provided 
at,  458  ;  increased  width  and  depth 
of,  459-460  ;   construction  of,  460-461 

Entrances  to  Harbours,  475-476 ;  im- 
portance of,  in  design  of  harbours, 
471  ;  on  each  side  of  detached  break- 
water, 471  ;  protection  of,  by  outer 
curved  breakwater,  with  instances, 
471  ;  wide,  round  end  of  single  break- 
water, 471,  472,  475  ;  placed  in  deep 
water,  473  ;  widths  of,  473,  475*476  ; 
advantages  of  two,  facing  different 
ways,  476 ;  witllhs  for,  adopted  at 
recently  constructed  harbours,  476 

Erection  of  Bridges,  of  brickwork  and 
masonry  on  centering,  125,  129  ; 
metal-archeil,  by  buildini;  out,  135- 
137  ;  suspension,  from  susj^ended  plat- 
form, 144,  145,  151  ;  girder,  on  scaf- 
folding, 165,  on  temporary  girders, 
165,  166,  by  floating  out,  165-167  ; 
continuous    girder,     by    rolling    out, 


169-17 1  ;  cantilever,  by  building  out, 
176-177 

Sek  Yiadnot,  190 ;  arched  brick  viaduct 
across  Esk  valley,  189 ;  spans  and 
height  of,  189 ;  elevation  of,  190 

Setuaxies,  instances  of  rivers  flowing 
into  large  sandy,  378 ;  deepening 
channel  through,  dependent  on  its 
stability  and  purity  of  sand,  37S: 
deepening  of  Mersey  bar  channel  due 
to  these  canses,  378 ;  conditions 
favourable  for  lowering  bars  in 
Hugli  estuary,  378 ;  deepening 
channel  in,  generally  effected  l^ 
training  walls  with  dredging,  378- 
379 ;  results  of  training  works  in, 
378-381  ;  accretion  in,  due  to  train- 
ing works,  381-383 ;  advantages  and 
limitations  of  training  works  in,  383 

European  Hallways,  gauges  of,  245; 
cost  of,  in  different  countries,  264; 
length  of,  271  ;  recent  rate  of  increase 
of,  271 

Evaporation,  influence  of,  on  river 
floods,  326 ;  effect  of,  on  flow  of 
torrential  rivers  in  summer,  326; 
estimated  loss  from,  in  Assuan  reser- 
voir, 423 ;  from  land  and  reservoirs 
in  England,  519 

Exoavation,  36-42  ;  importance  of,  36 ; 
contrasted  with  dredging,  37 ;  ordi- 
nary methods  of,  37  ;  by  excavators 
37  "39  J  ^y  steam- navvies,  39  ;  in  hard 
rock,  39-40 ;  removal  of,  in  waggons 
to  form  embankments,  40  ;  remo^'al 
of,  by  cable- ways,  40-41,  by  canti- 
lever cranes,  41,  by  endless  travelling 
belts,  41-42 ;  drawn  up  incline  and 
deposited  through  bridges  with  open 
floors,  42 ;  cost  of,  on  Manchester 
Canal,  53 ;  for  tunnels,  194-197 » 
large  amounts  of,  required  for  ship- 
canals,  401,  403  ;  reduced  at  Panama 
Canal  by  introduction  of  locks,  409; 
methods  of,  in  construction  of  docks, 

451 
Excayatore,    37-39 ;    bucket-ladder,  at 

top  of  cutting,  37-38,  at  bottom  of 
cutting,  38 ;  extensive  use  and  value  of, 
for  construction  of  ship-canals,  3S, 
403 ;  steam-nawy,  39  ;  cost  of  exca- 
vating with,  on  Manchester  Canal, 
53  ;  number  of,  employed  on  Man- 
chester Canal,  403 ;  advantageously 
used  for  dock  excavations,  451 
Explcsiyes,  various,  used  for  blasting 
rock,  39 ;  use  of  dynamite,  50,  5*' 
281  ;  rackarock  at  Middle  reef,  51 : 
tonite  used  for  blasting  in  Severn  and 
Mersey  tunnels,  217 
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Paotort  of  Safety,  iu  relation  to  the 
breaking  load,  27 ;  for  timber,  27 ; 
for  masonry  and  brickwork,  28 ;  for 
cast  iron,  28 ;  relation  of  safe  stresses 
to  elastic  limit  in  wrought  iron  and 
steel,  28 

Pi^  of  Biyers,  decrease  of,  towards  out- 
let, 327;  deposit  produced  by  reduc- 
tion in,  327,  332  ;  of  River  Witham 
below  Lincoln,  330  ;  large,  of  Rhone, 
334  ;  distance  apart  of  locks  dependent 
on,  340 ;  reduced  by  progression  of 
deltas,  361 

Patoino  Mattreuos,  construction  and 
sinking  of,  12  ;  forming  foundations 
for  embankments,  67  ;  for  jetties  in  the 
sea  at  outlet  of  Maas,  360-361  ;  for 
jetties  at  South  Pass  outlet  of  Missis- 
sippi 365*  3^  *  ^^^  training  works, 
374-375  ;  for  Weser  training  walls, 
375,  376,  379  ;  used  for  closing  recla- 
mation embankments,  in  Holland,  502 

Paseiiiei,  11-12  ;  instances  of  use  of,  11  ; 
method  of  constructing,  12 ;  formed 
into  mattresses,  12  ;  used  as  founda- 
tion for  pitching  in  groynes,  505, 
506,  in  sea  banks,  507 

Patigne  of  Hetals,  cause  of,  27  ;  result- 
ing in  reduction  6f  elastic  limit,  27 

PanoiBg,  115  ;  object,  and  ordinary  forms 
of,  on  railways,  115  ;  cheap  form  of, 
described,  115 

Pettiniog  Railway,  gauge  of,  215,  246  ; 
sharpest  curves  on,  247  ;  length  and 
cost  of,  265  ;  weight  of  rails  on,  265- 
266 

Piltaration,  537-538 ;  for  purifying  water 
for  domestic  supply,  537  ;  essential  for 
water  from  turbid  rivers,  537 ;  ad- 
visable for  most  waters,  537  ;  of  water 
from  Vymwy  reservoir,  537  ;  arrange- 
ment and  materials  of  filter  beds  for, 
538  ;  rate  of  flow  through  filter  beds  for 
ensuring  efficient,  538  ;  area  of  filttT 
beds  needed  for,  of  given  supply,  538  ; 
causes  of  reduction  in  organic  imi)uri- 
ties  by,  538  ;  methods  of  aerating 
water  flowing  into  filter  beds  for,  538 

Plightf  of  Looks  on  Canals,  391-392 ; 
instances  of,  in  England,  391-392  ;  on 
Canal  du  Midi  and  Neuffosse  Canal, 
392 ;  advantages  of,  392 ;  supple- 
mented at  Blackhill  by  incline,  394  ; 
relieved  at  Fontineiies  by  lift,  396 ; 
expenditure  of  time  and  water  at,  in 
com|>arison  with  inclines,  394,  399, 
and  lifu,  396,  399 


Floatiiig  Bridges,  187  ;  providing  cheap 
movable  form  across  rivers,  with 
opening  portion,  187  ;  description  of 
Howrah  Floating  Bridge,  cost  of,  and 
causes  of  construction,  187 

Floating  Tabes,  for  removal  of  dredgings, 
52,  53  ;  on  Amsterdam  and  Terneuzen 
canals,  assisted  by  centrifugal  pump, 

53*404 
Floods  of  Siyers,  328-329  ;  periods  of, 

328  ;  rise  and  fall  of,  on  Nile,  at 
Cairo,  328,  at  Assuan,  424 ;  in  ab- 
sence of  evaporation  in  temperate 
regions,  328  ;  value  of,  on  Nile  for 
irrigation,  328  ;  benefits  and  damages 
of,  328  ;  methods  of  predicting,  328  ; 
instances  of  prediction  of,  328-329  ; 
methods  of  mitigating,  329-332.  See 
also  Control  of  Rivers ,  and  Mitigation 
0/  Floods 
Fog  Signals  at  LighUioiises,  494  ;  bells 
serving  for,  494 ;  explosions  of  gun- 
cotton  adopted  at  Bishop  Rock  for, 
494 ;  efficiency  of  siren  trumpets  for, 
worked  by  compressed  air,  494 ;  vibra- 
tions per  second,  pressure  and  con- 
sumption of  air,  and  size  of  drum  of 
sirens  giving  best  results  for,  494  ;  dis- 
tances at  which  sirens  for,  are  audible, 
494;  stations  indicated   by  grouping, 

494 
Fontinettes  Lift,   396-397 ;    to   relieve 

traffic  through  flight   of  locks,   396 ; 

difference  of  level  surmounted  by,  396  ; 

tonnage  of  barges  using,  and  dimensions 

of  counterbalancing  troughs  and  rams, 

396,    397  ;   method   of  working,   and 

time  of  ascent  of,  397  ;  hydraulic  power 

for  working,  397  ;  cost  of,  397  ;  time 

occupied  in  transference  of  barges  at, 

397  ^     ^ 

Footpaths,  96-97  ;  arrangements  of,  96  ; 

materials  for  construction  of,  in  country, 

96,  in  towns,    96-97  ;   relative  merits 

of  various  pavings  for,  96  ;  object  and 

dimensions    of    curbs    to,    in    towns, 

96-97 

Forests,  influence  of,  on  flow  of  rivers, 
326-327,  329  ;  replanting  of,  on 
mountain  slopes  to  regulate  flow,  329 

Formation  Width,  ordinary,  of  cuttings 
and  embankments  for  single  and  double 
lines.  III;  varying  with  gauge  of  rail- 
way, III,  246,  262 

Forms  of  Harbours,  470-474  ;  dependent 
on  coastline,  and  area  required,  470- 
471  ;  bay  sheltered  by  detached  break- 
water, 471,  472;  bay  sheltered  by 
breakwaters  converging  from  each  side, 
471  ;   single    breakwater    from    shore 
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sheltering  bay,  471  ;  siogle  breakwater 
providing  shelter  from  exposed 
quarter,  471,  472  ;  converging  break- 
waters extending  natural  belter,  and 
combined  with  detached  breakwater, 
471,  472 ;  outer  curved  breakwater 
protecting  entrance  to  closed  harbour, 
and  an  outer  area,  471  ;  sites  devoid  of 
natural  shelter  and  exposed  to  drift, 
enclosed  by  breakwaters,  with  examples 
described,  471,  472,  473-474;  plans 
of  typical,  472 

Forth  Bridge,  175,  180-181  ,*  piers  for, 
founded  within  plate-iron  caissons,  60  ; 
caissons  for  piers  of,  sunk  by  compressed 
air,  77  ;  instance  of  balanced  canti- 
levers, 173-174;  height  of  cantilevers 
over  piers,  174,  175,  180-181  ;  widen- 
ing out  of,  at  piers  and  towards  base 
against  wind-pressure,  174,  175,  181  ; 
elevation  and  plan  of,  175  ;  specially 
suited  for  erection  by  building  out, 
176-177  ;  successive  stages  in  erection 
of,  177  ;  description  of,  1 80- 181  ;  pro- 
visions for  expansion  and  contraction 
in,  181  ;  ratio  of  moving  load  to  dead 
load  at,  181  ;  cost  of,  181 

Foundations,  61-78  ;  importance  of,  61  ; 
three  kinds  of,  61-62  ;  ordinary,  62  ; 
in  water-bearing  strata,  62-63  '*  ^^ 
running  sand  by  congelation,  63  ;  in 
quicksand  by  injection  of  cement  grout, 
63-64  ;  by  sinking  wells,  64-66,  67 ; 
rubble  mounds  for,  of  breakwaters, 
66-67  y  of  fascine  mattresses,  67  ;  of 
bearing  piles,  cribwork,  and  cylinders, 
67  ;  formed  by  consolidating  sand  and 
gravel  under  water  by  injection  of 
cement,  67-68  ;  screw-piles  for,  68  ; 
disc  piles  for,  68,  69  ;  iron  cylinders 
for,  68-71  ;  wrought-iron  caissons  for, 
71-74;  compressed-air,  74-78;  for 
stone  paving,  87-88  ;  for  woo<l  paving, 
89  ;  for  brick  paving,  91  ;  for  asphalt 
paving,  93  ;  for  tramway  tracks,  302, 
303  ;  of  quay  walls  alongside  rivers, 
440-443  ;  of  dock  walls,  451-452  ;  of 
locks  for  docks,  460  ;  of  rock  light- 
houses, 489  -490 

Frame  Weirs,  347-351  ;  form  of,  347; 
four  types  of,  347.  XeeiiU :  closed  by 
wooden  spars,  347  ;  methods  of 
opening  and  closing,  347-34S  ;  large 
examples  of,  in  Europe,  348 ;  con- 
struction and  working  of,  on  Great 
Sandy  River,  348.  Slidiug  Patiel : 
improved  way  of  closing,  348-349 ; 
method  of  opening  and  closing,  349  ; 
advantages  of,  349  ;  instances  of 
adoption  of,  349.    Rolling-up  Citrtaiu  : 


description  of,  349  ;  ease  of  working, 
349 ;  compared  with  sliding  panel, 
349.  Suspended:  to  raise  frames om 
of  river,  350  ;  description  of  constrac- 
tion  and  working  at  Poses,  350 ;  time 
occupied  in  opening,  351  ;  operations 
at  Poses  effected  by  electricity,  351 ; 
merits  of  the  various  forms  of,  356 

Franoia- Joseph  Bridge,  141,  147  ;  eleva- 
tion of,  141  ;  stiffened  form  of  suspen- 
sion, 147  ;  description  of,  147  ;  cost  of, 
147  ;  rigidity  of,  and  approximadon  to 
cantilever,  148-149 

Frater  Biver  Bridge,  cantilever  similar  to 
Niagara  Bridge,  178  ;  span  and  height 
of,  178 

French  Bailways,  gaus^e  of,  245  ;  cost 
of,  264 ;  costly  secondary',  266 ; 
instances  of  cheap  narrow-gauge,  266 

French  Tramways,  arrangements  for 
cable  traction  on,  in  Paris,  309-310; 
steam  traction  on,  311  ;  fireless  loco- 
motives on,  311  ;  compressed-air 
motors  on,  312 ;  accumulators  used 
on,  in  Paris,  315  ;  insulated  surface 
conductor  for  electric  traction  on,  in 
Lyons  and  Paris,  316  ;  cost  of  con- 
struction of,  316  ;  cost  of,  in  various 
towns,  317  ;  costs  of  systems  of 
mechanical  traction  on,  in  Paris,  317- 
318  ;  extension  of  electric  traction  on, 
318 

Fnburg  Bnipension  Bridge,  instance  of 
suspension  by  cables,  140  ;  description 
of  cables  at,  and  the  span  and  dip  of, 
140  ;  cost  of,  140 

Fnrens  Dam,  526  ;  correct  form  of 
masonry  dam,  520,  526  ;  height  of. 
520  ;  section  of,  526  ;  maximum  head 
retained  by,  520,  526 ;  pressure  on 
masonry  of,  526  ;  position  of,  520,  526 ; 
storage  provided  by,  520 


Ganges  Canal,  width  and  discharge  of. 
430 ;  vertical  falls  constructed  on,  to 
prevent  scour,  429  ;  Solani  aqueduct 
on,  430-431  ;  lengths  of  canals  and 
branches  from,  431  ;  area  irrigated  by, 

431 
Ganges  Biver,  deltaic  river  flowing  into 

tidal  sea,  369  ;  tidal  rise  at  mouths  of, 

369  ;  superiority  of,  over  tideless  rivers, 

369 
Oarabit  Yiadnct,    132 ;    dimension  of 

large  arch  of,  131, 132 ;  length  and  cost 

of,   131;  elevation  and  plan  of,  132; 
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method  of  erection  fof  large  arch  of, 
133,  136;  arch  of,  pivoted  at  spring- 
ings,  135  ;  arched  bridge  of  large  span 
with  approach  viaducts,  191 

Gftnget  of  Bailways,  245-246 ;  of  Glas- 
gow District  Railway,  234 ;  common 
standard,  in  Europe,  North  America, 
New  South  Wales,  Egypt,  and  some 
countries  in  South  America,  245 ; 
exceptional,  in  Ireland,  Russia,  Spain, 
and  rortugsd,  245 ;  wider  and  narrower, 
in  various  countries,  245  ;  various,  for 
light  railways,  245,  262-263,  ^^S*  ^^  r 
objects  and  advantages  of  narrow,  246  ; 
instances  of  narrow,  246,  266 ;  influence 
of,  on  cost,  246,  262,  265-266 ;  lengths 
of  the  various,  on  the  railways  in  the 
United  Kingdom,  267  ;  lengths  of 
railways  of  standard  and  narrow,  in 
India,  270-271  ;  various,  on  mountain 
railways,  273-282,  284  ;  on  .  cable 
railways,  288-291-299 

Chanel  of  Tramways,  307  ;  variety  of, 
adopted,  307  ;  advantages  of  standard, 
307 ;  disadvantages  and  merits  of 
narrow,  307 

Oenerooo  Bailway,  laid  with  double 
Abt  rack,  280  ;  length,  rise,  ruling  gra- 
dient, and  gauge  of,  280 :  sharpest 
cur>'es  on,  281  ;  cost  of,  281  ;  train- 
loads  carried  up  and  speed  on,  281 

Oeology,  6-7  ;  value  of,  for  ascertaining 
nature  of  strata  traversed  by  deep  cut- 
tings, 6,  115,  414,  by  tunnels,  6,  192, 
200,  204-205,  210-211,  215,  222; 
for  determining  impermeability  of  a 
reservoir  site,  and  solidity  of  rock  for 
foundation  of  masonry  dam,  6,  518, 
520,  523  ;  for  deciding  on  position 
and  depth  for  sinking  a  well,  and 
prospects  of  obtaining  a  supply  of 
water,  6-7,  514,  515  ;  importance  of, 
in  designing  works,  29,  30 

Georgetown  Inoline,  394-395  ;  rise  and 
gradient  of,  connecting  Potomac  with 
Chesapeake  and  Oliio  Canal,  394 ; 
tonnage  of  barges  conveyed  in  caisson 
on,  394 ;  dimensions  of  counterbalanced 
caisson  on,  smd  meth(Kl  of  working, 
394-395  f  capacity  of,  for  traffic,  395 

Oerman  Bailways,  gauge  of,  245  ;  cost 
of,  264 

Ohent-TemeiiseiL  Canal.  402,  409.  See 
Terfifuzai  Canal 

Gieuliaeh  Cable  Bailway,  294  295  ;  de- 
scription of,  294  ;  motion  of  carriages 
on,  controlled  by  ladder-rack,  294 ; 
working  of,  by  water  counterpoise, 
294 ;  speed  of  carriages  on,  and  time 
of  transit,    295  ;    arrangement   of  the 


flanges  of  the  wheels  for  the  safe  passing 
of  the  carriages  on,  295  ;  cost  of,  295 

Gileppe  Hasonry  Dam,  filtration  of 
water  through  joints  of,  423  ;  head  of 
water  retained  by,  423,  521 ;  area  and 
capacity  of  reservoir  formed  by,  521 

Girder  Bridges,  1 52-1 71  ;  bowstring, 
152-153  ;  single  and  continuous,  153  ; 
bending  moments  on  uniformly  loaded 
beam,  153 ;  formula  for  breaking 
weight  of  a  uniformly  loaded  beam, 
153  ;  importance  of  depth  in,  153-154  ; 
form  of,  with  flanges  and  web,  154  ; 
variations  in  bending  moment  and 
shearing  stress  along,  154  ;  function  of 
web-plate  or  lattice  bars  in,  154-155  ; 
calculation  of  stresses  on  flanges  and 
lattice  bars  in,  155-157  ;  typical 
arrangements  of,  of  small  span  accord- 
ing to  the  conditions,  illustrated  by 
cross  sections,  157,  158  ;  provisions  in, 
for  changes  of  temperature,  157  ;  len- 
ticular, 157,  159,  160  ;  tubular,  159, 
161  ;  various  types  of  lattice  or  truss, 
of  large  span,  160,  161-163  ;  weights 
of  various,  showing  reduction  in  weight 
of,  by  increased  depth  and  open  bracing, 
163  ;  pin-connected,  of  varying  depth, 
164-165  ;  modes  of  erecting,  over 
single  openings,  165-167  ;  stresses  on 
continuous,  167-168  ;  advantages  «)f 
continuous,  168-169  ;  erection  of  con- 
tinuous, by  rolling  out,  169-171  ; 
carrying   elevated    railways,    237-241. 

.   See  also  Bo't'stnug  Girders  ami  Con- 
tinuous-Girder  Bridges 

Girder  Bridges  described  or  referred  to  : 
liouble,  169,  170 ;  Britannia,  25,  159, 
163  ;  Cincinnati  Southern  Railway, 
154,  160,  161,  163,  164  ;  Conway,  25, 
'59>  1^3  J  Covington  and  Cincinnati, 
154,  160,  161,  163 ;  Credo,  170- 
171  :  Dirschau,  163  ;  Hawkesbury,  71- 
72,  164-165,  167  :  Konigswart,  165- 
166  ;  Kuilenberg,  154,  160,  161,  162, 
163,  165  ;  I^ichine,  160,  169  ;  Louis- 
ville, 163  ;  Mainz,  163  ;  Moerdyk,  163, 
166,  167  ;  Newcastle  High  Level,  152  ; 
Ribinsk,  160,  161  ;  Saltash,  25,  158- 
159,  160,  163  ;  Tay,  19 1  ;  Victoria 
>Iontreal,  159,  161,  163.  Sec  Boublc 
Viaduct^  hritannia  Tubular  Bridge^ 
Cincinnati  Southern  Railway  Bridge ^ 
etc. 

Glasgow  District  Bailway,  234-235  : 
route  and  length  of,  234  ;  strata 
traversed  by,  234  ;  gauge  of,  234,  267  ; 
sections  of  covered  way,  tunnels,  and 
stations  on,  234  ;  arrangements  of 
stations  on,   234,  235  ;  gradients  and 
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>harpcst  xnrves  on,  234-235 ;  modes  of 
construction  of,  235  ;  cable  traction 
and  speed  on,  235 

Olmtgow  Harbour,  well-foundations  for 
quay  walls  of,  64,  441  ;  access  to, 
obtained  by  dredging,  371,  448  ;  pro- 
\'ided  \iith  river  quays,  440  ;  main  and 
branch  docks  at,  448  ;  dimensions  of 
large  graving  dock  at,  466 

Olion-Haje  fiailway,  laid  with  Abt 
rack,  281  ;  length,  rise,  and  gauge  of, 

281  ;  tunnels,  and  worst  gradients  and 
curves  on,  281  ;  cost  of,  281  ;  time 
occupied  in  ascent  of,  281 

Oloueetter  and  Berkeley  Canal,  lateral 
canal  to  Severn  for  avoiding  bend,  385 

Chieiee,  used  for  masonry  and  flagstones, 
12  ;  compressive  strength  of,  13 

Oodayeri  Delta  Canals,  length  of  weir  at 
head  of,  434  ;  construction  of  diversion 
weir  of,  similar  to  Sone  weir,  432, 
434  ;  discharge  of,  and  area  irrigated 
^y»  435  *  ^^^^^  revenue  derived  from, 

Oomergrat  Bailway,  laid  with  double 
Abt  rack,  282  ;  worked  by  electricity, 

282  ;  length,  rise,  gauge,  and  steepest 
gradient  on,  282  ;  cost  of,  2S2 

Grab  Bucket  Dredger,  45-46  ;  descrip- 
tion of,  45-46 ;  deficiencies  and  merits 
of,  46  ;  uses  and  limitations  of,  49 ; 
removal  of  blasted  rock  by,  in  New 
York  Harbour,  51  ;  for  excavating  in 
sinking  wells,  64, ;  description  of  jham 
form  of.  for  penetrating  stiflf  materials 
in  wells,  64,  65 

Gradients,  ruling,  on  various  railways, 
104-105,  272  ;  in  long  Alpine  tunnels, 
207  ;  in  Severn  and  Mersey  tunnels, 
216,  217-218;  on  metropolitan  rail- 
ways, London,  227,  City  and  South 
London,  231,  I'aris,  233,  Glasgow 
District,  234-235,  New  York  KXe- 
vatcd,  238,  Brooklyn  Elevated,  239, 
Liverpool  Overhead,  239,  Berlin  Ele- 
vated, 241  ;  on  Anglo-Chilian  Nitrate 
Railway,  266  ;  on  Listowel  and  Bally- 
bunion  Railway,  26S ;  on  Elberfeld 
and  Barmen  Railway,  269  ;  steepest, 
surmounteii  by  adhesion  of  locomo- 
tives, 273  ;  on  inclines  of  mountain 
railways,  273-2S6  ;  on  inclines  of 
cable  railways,  288-299 

Granite,  u»es  of,  in  construction,  12  ; 
compressive  streni;th  of,  13  ;  slight 
absorptivity  of,  13 ;  used  for  road 
metalling,  84 ;  setts  of,  for  paving 
streets,  87  ;  used  for  arched  bridges  of 
large  span,  1 28,  1 29  ;  setts  of,  for  pav- 
ing tramway  tracks,  305  ;  sills,  heel- 


post  stones,  and  hollow  quoins  of  lar^e 
locks  to  docks  formed  of,  461 ;  fadng 
of,  for  Dover  breakwaters,  482 ;  sti 
bottom  of,  at  Aberdeen  Harbour 
levelled  with  concrete  begs,  4S3: 
masonry  of,  employed  for  rock  ligfai- 
houses,  489  ;  used  for  rubble  concrete 
of  beacons,  496 

Orating  Doelu,  466-467  ;  object  of,  and 
method  of  working,  466 ;  clo^  by 
caissons  or  reverse  dock-gates,  466; 
plan  and  sections  of  Alexandra  Dock. 
Belfast,  and  cross  section  of  caisson, 
466,  467  ;  long,  subdivided  by  inter- 
mediate caisson,  466,  467';  dimensiom 
of  largest,  at  Belfast,  Glasgow,  Liver- 
pool, and  Tilbury,  466-467  ;  descrip- 
tion of,  and  materials  employed  ^r, 
467  ;  special  precautions  needed  in 
constructing,  with  concrete,  467; 
peculiar  arrangement  of,  at  TUboir, 
467  ;  for  two  vessels  side  by  side  at 
Barry,  467 

Great  Kanawha  Biver,  canalized  by 
special  movable  shutter  weirs,  354; 
methods  and  frequency  of  lowering 
weirs  across,  354 ;  time  occupied  in 
lowering  and  raising  weirs  across,  354 

Oreat  Bandy  Biyer,  description  of  large 
needle  weir  across,  348  ;  improvements 
in  frames,  mode  of  handling  large 
spars,  and  stoppage  of  leakage  at  weir 
across,  348 

Greenheart,  immunity  of,  in  sea  water, 
10;  attacked  in  tropical  waters,  n: 
used  for  timber  parts  of  iron,  and  I "r 
wooden  dock-gates  exposed  to  sea- 
water,  461-462  ;  weight  of  dock-ga:es 
made  of,  462 

Groynes,  504-507  ;  along  seacoa^t  at 
Zeebrugge,  472,  506  ;  description  aa-i 
effect  of,  in  front  of  Dymchurch  NVall 
502,  506  ;  object  of,  504  ;  descriptitxi 
of  sloping,  between  Lancing  vA 
Shoreham,  504-505  ;  advantages  <^ 
sloping,  505  ;  plan,  section,  and  de- 
scription of,  at  Blankenberghe,  505- 
506  ;  provisions  necessary  for  the  effi- 
cient action  of,  506-507 

Gunpowder  Pile-Driver,  57  ;  description 
of,  and  method  of  working,  57  ;  ad- 
vantages of,  57 


H 


Haarlem  Meer  Seolamation,  drained  l^y 
pumping,  332,  504;  area  of,  504; 
method  adopted  lor  reclaiming,  504 

Haltted  Street,  Ohieago,   lift  Bridgt. 
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186-187  ;  large  example  of  type  of 
movable  bridge,  186 ;  elcrauoo  and 
description  of,   186-187 ;    wei^t    ot, 

187 

Hftrboan,  469-487 ;  instances  of  con- 
struction of,  in  ptartiallj  sheltered,  and 
in  open  sites,  469  ;  shelter  neoessar>' 
for,  determined  by  ezposore,  469-470  ; 
direction  and  force  of  pre\-alent  winds 
concerned  in  the  design  of,  470 ;  de- 
sign for,  dependent  on  size  and  line  of 
travel  of  waves  in  storms,  470  ;  various 
forms  of,  with  examples  of  different  types. 
470-471  ;  enclosed  by  breakwaters, 
on  open  sandy  coasU,  471,  472,  473- 
474 ;  plans  of  typical  forms  of,  472  ; 
exposed  to  accumulations  of  drift  out- 
side on  sandy  coasts,  473-474  ;  formed 
with  open  viaduct  across  foreshore,  and 
outer  breakwater,  to  allow  passage  of 
drift,  474-475  ;  possible  application  of 
open  viaduct  to  case  like  Madras,  475  ; 
entrances  to,  with  examples  of  positions 
and  widths,  475-476 ;  descriptions  of 
the  different  types  of  breakwaters  em- 
ployed for  sheltering,  476-487.  See 
also  Breakwaters 

Harbourt  on  Open  Sandy  Coattf,  471- 
475 ;  descriptions  of,  at  Boulogne, 
Madras,  Port  Said,  and  Ymuiden,  407, 

471,  472,  473 ;  arrest  of  drift  of  sand 
by,   from  most  exposed  quarter,  407, 

472,  473 ;  progression  of  foreshore  on   ; 
exposed  side,  and  erosion  on  sheltered 
side,   at  Madras  and  Port  Said,  407, 

472,  473-474 ;  open  viaduct  across 
foreshore  to  outer  breakwater  at  Zee- 
bnigge,  472,  474-475 

Harbonn  referred  to :  Alexandria,  471  ; 
Algiers,  471  ;  Barcelona,  469,  471  : 
Boulogne,  473,  476;  Cette,  471  ; 
Cherbourg,  469,  471  ;  Civita  Vecchia, 
471 ;  Colombo,  469,  471,  472,  476  ; 
Dover,  469,  471,  476;  Genoa,  469; 
Havre,  382,  440, 447,  449,  476  ;  Holy- 
head, 469,471  ;  Leghorn,  471 ;  Madras, 

469,  471-473.  474.  475;  Marseilles, 
440,  443  ;  Mormugao,  471  ;  Nervion 
Outlet,  375,  377-370  ;  Newhaven,  471  ; 
Oran,47l  ;  Peterhead,  471  ;  Plymouth, 
469,  471,  472  ;  Portland,  476  ;  Port 
Said,  407,  408,  414,  469,  473,  474  ; 
St.  Jean  de  Luz,  471  ;  Table  Bay,  469, 
471  ;  Trieste,  440,  443  ;  Tynemouth, 
377-378.  449 ;  Wear  Outlet,  377-378, 
449,  476;    Ymuiden,  408,  415,  469, 

473.  474;  Zcebrugjje,  409,  415,  472, 
474-475.  See  also  Breakwaters  referred 
ifff  and  Boulopie  Harbour^  Colomlto 
Harbour,  etc. 


Hard  Water,  dennicion  of,  539  :  sources 
of.  539  :  disadvantages  of,  and  soften- 
ing process  for,  539  ;  scale  of  hardness 
o^f  539 :  degrees  of  hardness  of,  in 
Thames,  Trent,  and  chalk  wells,  539  ; 
cause  of  permanent  hanlness  in,  539 

Harti  Bailway,  triple  Abt  rack  on,  2S1, 
284 ;  worked  by  adhesion  and  rack, 
284 ;  length  of,  and  length  laid  with 
rack,  284 ;  gradients  and  cur\-es  on 
rack,  and  on  ordinary*  portions  of,  284  ; 
cost  of,  284  ;  weight  of  locomotives  and 
trains  on,  and  speed  up  inclines  of, 
284 ;  arrangement  for  entering  racks 
on  inclines  of,  281,  285 

HaTre  Docks,  dock  walls  founded  on 
wells  at,  65,  452,  453  :  Seine  training 
walls  stopped  to  avoid  shoaling  of  ap- 
proach to,  382  ;  harbour  in  progress  to 
secure  deep-water  access  to,  382,  449  ; 
harbour  on  seacoast  forming  entrance 
to,  440, 447  ;  plan  of,  447 ;  recent  docks 
of,  formed  on  land  reclaimed  from  Seine 
estuar)',  447,  448,  452 ;  section  of 
Bellot  dock  walls  at,  453  ;  two  pairs 
of  gates  across  large  entrance  to,  458  ; 
greatest  width  of  entrance  to,  459 ; 
foundations  and  dimensions  of  new 
entrance  lock  to,  460 ;  sections  of  iron 
dock-gates  at,  462  ;  iron  substituted  for 
wooden  dock-gates  for  large  entrance 
to,  463 

Havre  Harbour,  447 ;  forming  new 
approach  to  port,  382,  440,  447,  449  ; 
width  of  entrance  to,  476 ;  super- 
structure, of  breakwaters  sheltering, 
founded  on  rubble  mound  at  low  water, 
478  ;  concrete  blocks  protecting  mound 
at,  near  sea  face  of  superstructures,  479 

Havre  Suburban  Cable  Railway,  298^ 
299  ;  rise,  length,  and  gradient  of,  298  ; 
arrangements  of  wheels  of  carriages  on, 
for  their  crossing  at  central  passing- 
place,  298-299  ;  method  of  working, 
299  ;  accommodation  of  carriages  on, 
and  time  of  transit,  299  ;  motion  of 
carriages  on,  controlled  by  brakes 
aided  by  Abt  rack,  299 

Hawarden  Swing  Bridge,  183 ;  width 
of  opening  s()aimcd  by,  183  ;  counter- 
balanced tail-end  of,  forming  part 
of  bridge,  183  ;  description  of,  183  ; 
weight  of  movable  jxjrtion  of,  and  time 
occupied  in  opening,  183 

Hawkesbnry  Bridge,  description  r>f 
wrought-iron  caissons  used  for  founding 
deep  piers  of,  71-72  ;  length  and  dq>th 
of  pin-connecte^l  girders  of,  164-165  ; 
co>t  of,  165  ;  erection  of,  by  floating 
out  girrlers,  167 
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HenriolieBlmrg  lift,  398-399;  for  sur- 
mounting large  rise  on  Dortmund -Ems 
Canal,  398  ;  tonnage  of  barges  accom- 
modated by,  398  ;  dimensions  of  single 
trough  of,  and  of  floats  supporting  it, 
398,  399 ;  description  of,  and  method 
of  working,  398,  399  ;  time  occupied  in 
ascent  of,  and  in  transference  of  barges 
at,  398 ;  certain  operations  at,  effected 
by  electric  motor,  398-399 ;  cost  of, 
399 ;  sections  of,  399 ;  simplification 
of  working,  and  large  extension  of 
capacity  of  lifts  accomplished  by,  400 

Holynead  Harbour,  sheltered  by  single 
breakwater  from  the  shore,  471 ;  mound 
raised  to  high  water  for  protecting 
superstructure  of  breakwater  at,  479 ; 
quay  for,  founded  on  mound  and 
sheltered  by  superstructure,  479 ; 
mound  of  breakwater  at,  deposited 
and  superstructure  erected  from  staging, 

484 
Hootac  Tunnel,  bottom  and  top  headings 

driven  in  constructing,  195  ;  sections 
showing  timbering  and  lining  of,  195  ; 
roof  bars  built  in  at,  203  ;  length  of, 
205,  218 ;  strata  traversed  by,  and 
cost  of,  205 
Horse  Traction  on  Tramways,  earliest 
S3rstem,  308  ;  unsuitable  conditions  for, 
308  ;  si:)eed  of,  310 ;  great  decrease  of, 
in  North  America,  318 ;  still  pre- 
dominant in  Europe,  318-319  ;  recent 
reduction  in,  in  United  Kingdom,  319  ; 
cost  of,  in  Chicago  and  United  Slates, 

House  Drains,  provisions  for  ventilation 
of,  545  ;  traps  in,  for  exchiding  sewer 
gas  from,  545 ;  flushing  cisterns  for 
cleansing,  545  ;  flow  from,  received  by 
sewers,  545  ;  size  of,  and  materials  used 
f^^r*  545  ;  kept  clean  by  good  fall  aided 
by  small  radius  of,  546 

Hove  Sea  Wall,  507,  508  ;  section  of, 
507  ;  sea  face  and  object  of,  508 ; 
waves  opposed  by,  with  little  recoil, 
508 

Howrah  Floating  Bridge,  187 ;  type  of 
movable  bridge,  187  ;  description  of, 
and  mode  of  opening,  187 ;  cost  of, 
187  ;  cause  of  adopting  floating  type 
for,  187 

Hudson  Tunnel.  221-222;  minimum 
depth  of,  in  silt  below  river-bed,  221  ; 
tube  for,  commenced  by  aid  of  com- 
pressed air  and  pilot  tube,  221  ; 
difficulties  encountered  in  constructing, 
221  ;  continued  with  shield  and  tube 
under  compressed  air,  221-222  ;  erection 
of  segments  of  rings  for  tube  of,  216, 


222  ;  rate  of  progress  of,  with  shield, 
222;  total  length  required  for,  and 
uncompleted  len^h  of,  222 

Htigli  Jubilee  Bridge,  175,  179-180; 
wrought-iron  caissons  used  for  pier 
foundations  of,  73 ;  elevation  of,  175 ; 
erection  of  cantilevers  and  girders  of, 
177  ;  peculiar  form  of,  175,  179-180; 
description  of,  and  advantages  of  form 
adopted,  180 ;  cost  of,  180 

Htigli  River,  proportion  of  alluvium  to 
discharge  of,  363 ;  bars  of,  composed 
of  sand,  363 ;  simultaneous  tidal  lines 
on,  369-370  ;  bore  on,  370  ;  conflicting 
action  of  flood  and  ebb  tides  at  sharp 
bends  of,  372-374 ;  method  of  im- 
proving navigable  channel  at  worst 
bends  of,  373,  374 ;  favourable  con- 
ditions for  dredging  bars  in  estuary  of, 
378 ;  clear  water  supplied  by  canal  to 
Kidderpur  Docks  to  exclude  muddy 
waters  of,  468 ;  water-supply  of  Calcutta 
drawn  from,  516 

Hull  Docks,  sites  for,  reclaimed  from 
Humber  estuanr,  448  ;  half-tide  basins 
adopted  at,  456 ;  dimensions  of  largest 
lock  at,  459  ;  sections  of  wooden  dock- 
gates  at,  462  ;  wooden  and  iron  gat« 
used  at,  462 ;  Alexandra  Dock  of, 
supplied  with  fresh  water  to  exclude 
muddy  waters  of  Humber,  468 

Humber  Biver,  size  of,  due  to  tide,  359 ; 
expanding  into  large  sandy  estuary,  378 

Hydraulic  Machinery,  used  for  turning 
swing  bridges,  183 ;  for  controlling 
motion  of  cables  of  Marseilles  Cliff 
Railway,  297  ;  for  expediting  passage 
of  vessels  through  locks,  392  ;  for  assist- 
ing in  working  canal  lifts,  396,  397; 
convenient  for  the  intermittent  working 
required  at  docks,  467, 468 ;  description 
of  accumulator  for  supplying  water- 
pressure  to,  467-468 ;  advantage  of 
storing  up  water  for,  468 


I 


Idaho  Canal,  fall  of,  430  ;  area  irrigated 
^^y»  431  ;  drawing  supply  from  Boise 
River,  ^31 

Impermeable  Strata,  influence  of,  on  flow 
of  rivers,  326  ;  flow  along  top  of, 
issuing  at  outcrop  as  springs,  512-513 

Inclines  of  Hountain  Railways,  273- 
286  ;  systems  adopted  for  surmounting, 
273  ;  gradients  and  curves  of,  laid 
with  central  rail,  273-274  ;  gradients 
and  curves  of  various,  laid  with  ladder- 
rack,  274-277  ;  gradients  and  curves 
of,  laid  with  double  side-rack,  277- 
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278,  \?ith  Telfcner  rack,  '278-279, 
with  Strub  rack,  279-280,  with  Abt 
rack,  280-282  ;  racks  on,  interspersed 
between  ordinary  gradients,  282-286 

IneliAM  on  Canals,  393-395  ;  saving 
time,  water,  and  expense,  393  ;  methods 
of  conveying  barges  on,  393  ;  barges 
carried  in  cradles  on,  in  England,  393, 
of  Morris  Canal,  393,  of  Oberland 
Canal,  393-394  ;  description  of  incline 
and  conveyance  of  barges  from  Ourcq 
Canal  to  River  Marne,  394 ;  barges 
conveyed  floating  in  water  in  counter- 
balanced caissons  on,  on  Chard  Canal, 
394 ;  description  of  incline,  and  con- 
veyance of  barges  on  it,  on  Monk- 
land  Canal,  394,  from  Georgetown  on 
Potomac  to  Chesapeake  and  Ohio 
Canal,  394-395  ;  counterbalanced  cais- 
sons conveying  barges  sideways  on 
incline  of  Grand  Junction  Canal,  395  ; 
description  of  extension  of  system  to 
Chignecto  Ship-Railway,  395  ;  saving 
time  and  water  in  comparison  with 
locks,  399 ;  simpler  and  less  costly  than 
lifts,  399 ;  proposed  for  large  vessels 
in  form  of  ship-railways,  400.  See 
Georgttffivn  Incline,  Mofikland  Canal 
Incline,  and  Morris  Canal  Inclines 

India,  use  of  brick  wells  in,  64 ;  tanks 
for  irrigation  in,  420 ;  inundation 
canals  in,  427  ;  map  of  irrigation 
canals  of,  428  ;  upper  perennial  canals 
in,  430t  431-432,  433  J  deltaic  peren- 
nial canals  in,  434,  435  ;  method  of 
constructing  reservoir  embankments  in, 

523 
T|iH<M.ii    Bailways,  standard    gauge  of, 

245  ;  minimum  radius  of  curves  allowetl 
on,  for  standard  and  for  metre  gauge, 

246  ;  costs  of,  with  different  gauges, 
246,  265  ;  forms  of  cast-iron  sleepers 
used  on,  249  ;  average  cost  per  mile 
of  all,  264  ;  great  extension  of  light, 
270 ;  lengths  of,  laid  to  standard, 
metre,  and  special  gauges,  270  ;  re- 
markable recent  extension  of,  270-371 

Indof  Biver,  floods  of,  and  of  tributaries 
utilized  for  irrigation,  427  ;  period  of 
floods  of,  427  ;  depths  of  beds  of  in- 
nndation  canals  below  floods  of,  427  ; 
supplying  both  water  and  silt  to  canals, 
427  ;  canals  in  valley  of,  428 

Inland  Haviffation  Canals,  3S4-400. 
See  Canals  for  Inland  Xavigation  an<l 
Canals  referred  to 

Inundation  Canals,  426-427  ;  desi<;n  of, 
426  ;  provisions  against  deposit  of  silt 
in,  420-427  ;  basin  irrigation  from,  in 
Upper  Egypt,  427  ;  area  irrigated  l)y, 


dependent  on  height  of  flood,  427  ; 
tracts  in  Punjab  and  Sind  irrigated  by, 
427  ;  sizes  and  falls  of,  427  ;  value  of, 
in  hot,  rainless  districts,  427 

Inundations,  causes  of,  327-328  ;  oeriods 
of,  328  ;  warnings  of,  328-329  ; 
methods  of  mitigating,  329-332  ;  inten- 
sified  by  raising  of  river-bed,  332  ; 
pumping  for  securing  land  from,  332- 
333  ;  of  low  lands  bordering  Clyde 
and  Tyne,  stopped  by  the  deepening  of 
these  rivers,  371-372 

Ippens  Tunnel,  construction  of,  by  means 
of  iron  frames,  199,  205  ;  strata 
traversed  by,  and  cost  of,  205 

Irish  Railways,  standard  gauge  of,  245  ; 
narrow  gauge  of,  245,  267  ;  large  cost 
of  most  of  the  light,  266 ;  moderate 
cost  of  Clogher  Valley  and  Listowel 
and  Ballybunion  railways,  266  ;  lengths 
of  standard  and  narrow-gauge,  267  ; 
description  of  Listowel  and  Bally- 
bunion Mono-rail  Railway,  268 

Iron,  24-26  ;  composition  of  forms  of, 
24 ;  uses  of  cast,  24-25  ;  uses  of 
wrought,  24,  25  ;  processes  for  manu- 
facture of  steel,  25-26 ;  strength  of 
steel,  26  ;  value  of  steel  for  bridges 
and  rails,  26  ;  safe  stresses  on,  28 ; 
elastic  limit  of,  28  ;  spongy,  or  carbide 
of,  used  as  filtering  medium  for  water, 
538  ;  purification  of  water  by  passing 
borings  of,  through  it,  538  ;  chemical 
changes  and  purification  effected  by 
contact  of,  with  water,  539  ;  use  of 
salts  of,  for  purification  of  sewage,  560, 
561.  See  also  Cast  Iron,  U 'rough t 
Irofi^  and  St^el 

Iron  Gates  of  the  Danube,  method  of 
drilling  rock  at,  50  ;  use  of  rock-break- 
ing rams  for  removing  rockv  shoals  at, 

51 
Irrigation,  419-436  ;  objects  of,  419  ; 

sources  of  water  for,  419-420  ;  con- 
struction of  tanks  for  collecting  rainfall 
for,  in  India,  420  ;  reservoirs  formed 
by  dams  across  valleys,  to  store  up 
water  for,  420-423  ;  dam  across  Nile 
at  Assuan  for  providing  water  for 
summer,  422,  423-425  ;  necessary  sup- 
I>lemental  supply  for  >ummer,  of 
Upper  Egyi)t  procurable  from  Lake 
Dcnibea,  425  ;  water  for,  drawn  from 
rivers  by  canals,  425-426  ;  inundation 
canals  for,  426-427  ;  perennial  canals 
for,  drawing  constant  supply  from  rivers 
for,  428-429  ;  map  of  canals  for,  in 
India,  428  ;  formula  of  discharge  of 
canals  for,  429  ;  works  and  examples 
of  upper  i)erennial  canals  for,  430-433  ; 
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works  and  examples  of  deltaic  perennial 
canals  for,  in  India  and  Egypt,  433- 

436 
Imgation  Canals,  426-436.     See  Canals 

for  Jrrigatwn 

Irrigation  Canali  referred  to :  Agra,  430 ; 
Ariiona,  430  ;  Bear  River,  430  ;  Cau- 
veri,  435 ;  Cavour,  430,  431  ;  Del 
Norte,  430  ;  Ganges,  430,431  ;  Goda- 
veri,  435  ;  Idaho,  430,  431  ;  Kistna, 
435  ;  Lower  Ganges,  430,  431,  433  ; 
Marseilles,  430,  431  ;  Nile,  427,  435  ; 
Orissa,  435  ;  Sirhind,  430,  431  ;  Sone, 
430.  43i»  432,  433;  Turlock,  430, 
432-433  ;  \*erdon,  431.  See  Cauveri 
Delta  CanalSy  Cavour  Canai,  Ganges 
Canaly  etc. 

Irrigation  with  Sewago,  557-559 ; 
Clichy  outfall  sewer  for  conveying 
Paris  sewage  to  Gennevilliers  and 
Acheres  domains  for,  549,  551  ;  lands 
irrigated  and  capable  of,  from  discharge 
of  CHchy  outfall  sewer,  550 ;  natural 
method  for  disposal  of  sewage,  557 ; 
difficulties  involved  in,  557 ;  suitable 
and  unsuitable  soils  for,  557-558  ;  re- 
quirements for,  not  generally  best  for 
crops,  558 ;  method  of  surface,  on 
sloping  ground,  558  ;  volume  disposed 
of  by  surface,  dependent  on  soil,  558  ; 
volumes  disposed  of  by,  on  Paris  and 
Berlin  sewage  farms,  558  ;  periods  of 
rest  expedient  in  surface,  558  ;  crops 
suitable  for  surface,  558  ;  intermittent, 
with  under  drainage  for  flat  land,  558- 
559  i  object  of  intermittent,  559  ; 
objections  to,  spread  over  limiteid  land, 
559  ;  best  system  with  flat  ridges  and 
wide  furrows  on  flat  land  for,  559  ; 
period  of  rest  and  frequent  ploughing 
necessary  for,  on  flat  land,  559  ;  most 
efficient  cycle  of  bacterial  purification 
not  attained  by,  565  ;  satisfactory  means 
for  disposal  of  sewage,  565 

Italian  Bailways,  gauge  of,  245  ;  cost 
of  some,  264 

Italian  Tramways,  great  extension  of, 
worked  by  steam,  for  long  distances 
from  large  towns,  31 1  ;  total  length  of, 
311  ;  speed  on,  311 


J 


Japanese  Bailways,  gauge  of,  245  ; 
Usui  rack  railway  connecting  ordinary 
lines  at  top  and  bottom  of  Usui  Pass, 
282,  283,  284  ;  carried  in  tunnel  under 
embanked  rivers  in  plains,  332 

Jarrah  Timber,  strong  and  durable,  10 ; 


suggested  for  use  in  tropical  sea-waters, 
II 
Jettios,  guiding  outlet  channel  of  seaports 
across  foreshore  on  sandy  coasts,  449- 
450  ;  projecting  across  side  slopes  of 
docks  m  place  of  dock  walls,  454  ;  for 
coal -tips  at  coal-shipping  ports,  446, 

454 
Jetties  at  Kiver  Outlets,  359-361 ;  to 

prevent  diversion  of  outlets  by  drift, 

359 ;     outlets    of    Yare,    Adur,    and 

Adour  deflected  by  drift  and  fixed  by, 

359,  360 ;  outlet  channel  deepened  by 

scour  of  river  concentrated  by,  359- 

360  ;  improvement  of  outlet  of  Maas 
by,  and  straight  cut,  360-361  ;  tidele&s 
river  outlets  deepened  by,  as  exempli- 
fied by  rivers  flowing  into  the  Baltic 
and  the  Great  Lakes  of  North  America, 

361  ;  at  deltaic  outlets,  361  ;  at  east 
outlet  of  Rhone,  and  their  results,  363- 
364 ;  at  Sulina  mouth  of  Danube,  and 
their  effects,  364-365  ;  at  South  Pass 
outlet  of  Mississippi,  and  their  effects, 
365-366 ;  value  of,  and  conditions 
affecting  success  of,  at  deltaic  outlets, 
366-367 

Jham  Grab,  form  of,  and  method  of 
working,  64,  65  ;  used  for  excavating 
stiff  clay  in  wells  for  piers  of  the 
Empress  Bridge  in  the  Sutlej,  64,  67 

Jnnotions,  255-258 ;  for  branch  line$ 
diverging  from  main  line,  255-256; 
description  of  switches  and  crossings  at, 
256  ;  danger  of  facing  points  at,  256 : 
provisions  against  accidents  at,  256; 
use  of  check  rails  at,  257  ;  common 
form  of,  257  ;  improved  arrangement 
for,  and  advantages  of,  257-258 

Jnngfran  Bailway,  279-280;  laid  \»it]> 
Strub  rack,  279-280  ;  description  of, 
and  rack,  279-280 ;  rack  of,  com- 
pared with  Telfener  and  Abt  racks, 
280 


K 


Karachi  Harbour,  proportions  of 
materials  in  concrete  blocks  for  break- 
water at,  21  ;  breakwater  sheltering, 
formed  with  sloping  blocks  on  mbbie 
mound,  481  ;  overhang  and  lifting 
power  of  Titan  used  at,  485 

Kentucky  River  Bridge,  176;  weight 
and  width  of  each  span  of,  163 ; 
erected  as  continuous-girder  bridge, 
1 76  ;  converted  from  continuous-girder 
to  cantilever  bridge,  176 ;  object  of 
modification  of,  176 ;  dex'ation  of« 
176 
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Xhartonm.  small  fall  of  White  Nile  from 
Equatorial  Lakes  to,  425  ;  good  fall  of 
Blue  Nile  from  Lake  Deml^  to,  425 

Kistna  Delta  Caaali.  discharge  of,  and 
area  irrigated  by,  435  ;  large  revenue 
derived  from,  43$ 

Xnilenborg  Bridge,  reduction  in  height 
of  girders  towards  ends  in,  154,  160, 
vertical  struts  in  girders  of,  160,  161 ; 
ratio  of  depth  of  girders  to  span  of, 
161,  163  ;  advantage  gained  by  reduc- 
tion of  height  at  ends  of,  161  ;  weight 
of  girders  of,  compared  with  that  of 
the  main  girders  of  the  Cincinnati 
Southern  Railway  Bridge,  162  ;  erec- 
tion of  girders  of,  on  scaffolding,  165 


Xaehine  Bridge,  160 ;  elevation  of,  160 ; 
instance  of  continuous-girder  bridge, 
160,  169  ;  main  spans,  length,  and  cost 
of,  169 

Xtdder-Baok,  for  mountain  railways, 
274-277  ;  adopted  on  Mount  Wash- 
ington Railway,  274-27$  ;  central 
rack  first  introduced  on  Madison 
incline,  274-275  ;  description  and 
working  of,  on  Vitznau-Rigi  Railway, 
275-276 ;  lengths,  rises,  gradients, 
curves,  and  gauges  of  Arth-Rigi, 
Drachenfels,  Riidesheini-Niederwald, 
Salzburg-Gaisberg,  Schynige  -  Platte, 
and  Wengern-Alp  railways  laid  with, 

276  ;  train-loads  carried  up  by  aid  of, 

277  ;  laid  on  portions  of  the  Briinij; 
and  Bernese  Oberland  railways,  285  ; 
compared  with  Abt  rack,  285  ;  useti  for 
controlling  motion  on   cable  inclines, 

294-295 
lakes,  influence  of,  on  rivers,  327,  518  ; 

alluvium  of  River  Oder  deposited  in, 

361  ;  advantages  of,  for  storing  water, 

425  ;  proposed  use  of  Lake  Dembea  for 

storing  water  for  summer  irrigation  of 

Upper  Egypt,   425 ;    forming   natural 

reservoirs   suitable    for    water-supplv, 

516;    original    formation     of,      516; 

storage  provided   in,   by   constructing 

dam  across  outlet,  517  ;  advantage  of 

large  natural  surface    of,   for  storai^e 

by  raising  waterlevel  of,   517;    Loch 

Katrine  and  Thirlmere,  examples   of 

use  of,  for  storage,  517-518  ;  serving 

as     settling     reservoirs    with     ample 

capacity  for  deposit,  518 

Xa  LouTidre  Lift,    398 ;     tonnage  and 

draught  of  vessels  accommodated  ))y, 

398 ;   dimensions  of   counterbalanced 


troughs  at,  398  ;  weight  raised  and 
height  and  time  of  lift  at,  398  ;  method 
of  working,  and  time  occupied  in  trans- 
ference of  barges  at,  398  ;  cost  of,  398  ; 
great  difference  in  level  still  re(}uiring 
to  be  surmounted  in  short  distance  to 
complete  canal  and  utilize,  398 

Lambetli  Bridge,  supported  by  stiffene<l 
suspension  chains,  1 46  ;  spans  and  cost 
of,  146 ;  particulars  of,  146-147  ;  un- 
satisfactory condition  of,  147,  149 

Lateral  Canals,  in  place  of  obstructed 
river  navigation,  385 ;  Welland  and 
Berkeley  canals,  examples  of,  385  ; 
Soulanges  and  Sault-Sainte-Marie,  for 
avoiding  rapids,  387  ;  supplied  with 
water  from  rivers,  388 ;  ship-canal 
alongside  Loire  estuary  in  place  of 
training  works,  417;  St.  Louis  Canal 
to  avoid  Rhone  bar,  417 

Lattice  Girder  Bridget,  161-163  ;  Ri- 
binsk  Bridge,  example  of  multiple 
Warren  girder,  160,  161  ;  deep  girders 
and  vertical  struts,  at  Kuileni)erg  and 
Cincinnati  Southern  Railway,  160, 
161  ;  re<luction  in  height  at  ends  in 
Kuilenberg  and  Covington  and  Cin- 
cinnati, 160,  161  ;  bars  for  bottom 
flanges  and  pin-connections  for,  162 ; 
suitable  forms  for  struts  of,  162  ;  ratios 
of  height  to  span  of,  162-163  ;  weights 
of,  ctmipared  with  other  forms  of 
girders,  163 

Leaping  Weirs,  for  separating  clear  an<l 
turbid  flows  r>f  mountain  streams,  537  ; 
arrangement  for  admission  of  clear 
gentle  flow  to  aqueduct,  and  passing 
off  of  floiMJ-waters  by,  537 

Lenticular  Girder  Bridges,  mixed  type 
of  girder  in,  157-158;  name  due  to 
form  of,  158;  description  of  Saltash 
Bridge  furnishing  example  of,  158- 
I59t  160,  163  ;  span  and  weight  of 
Mainz  Bridge,  an  example  of,  163 

Lift    Bridges,    186-187  ;  conditions    of 
selection,  186  ;  mo<le  of  working,  186  ; 
some  instances  of,  186  ;  elevations  and 
descriptiim    of   large   exaujple   of,    at 
Halste<l  Street,  Chicago,  186-187 

Lifts  for  Canals,  396-399 ;  to  save  time 
an<l  water  at  abrupt  changes  of  level, 
396  ;  principles  of,  396  ;  two  types 
of,  constructed,  396 ;  hydraulic,  at 
Anderlon,  Fontincttes,  and  La  Lou- 
viere,  describe<l,  396-39S  ;  floating 
lift  at  Henrichcnburg  described,  398- 
399  ;  advantages  of,  over  locks  for 
large  differences  of  level,  399  ;  more 
complicated  and  costly  than  inclines, 
399 ;    limit   of    height    hitherto    sur- 

2   i) 
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muuiiled  Liy,  400:  int:iciisetl  capucilr 
Eiiid  simplicity  itlained  Ipj  flualing  lift 
iritlv  nngle  trough,  400.  Set  Anirr- 
tBH  Lift,  Fimlintttti  Li/I,  UtHtitken- 
kurg  Lift,  and  La  Loitviirt  Lift 
,  Uft*  of  Csnal  Loakf,  391,  ordinuj  in 
England  and  France,  391  ;  inotaKd 
In'  ciimbination  on  Canal  da  Centre  o[ 
trance,  and  Si.  Denb  Canal,  391  ; 
overage,  on  WelUnd  Cam),  391  ;  on 
coDolt  connecting  Lakes  Huron  and 
SupcTior,  and  on  hou  lunges  Canal.  391 ; 
00  Manchesiei  Cam),  410,411 
Uffhthoniei,  488-495  :  screw-pile  on 
sandbanks,  b%,  443 ;  sites  adopted 
for,  488  :  piniiu  to  be  delennined  in 
deu|mng,  on  land,  4SS  ;  ample  base  and 
solid  fotmdations  needed  for  bigh, 
exposed,  on  land,  481i--4S9 1  beighl 
and  diameter  of  liase  of  Vierge  Island 
lighlbouw,  4SS ;  difficulties  in  con- 
struclion  of,  on  isolated  rocki,  489  -, 
materials  used  for  constiuciion  of. 
489  :  elevation  and  secliona  of  new,  31 
Eddyslone  and  Bishop  Rock,  4S9 : 
dewriplion  of  stl^^  of  preparation 
of  rock  and  laying  lower  eoutses  of 
rock,  4S5-490  :  methods  of  connect- 
ing  boltom  courses  of,  to  rock,  490; 
foimdaliona  at  Eddyslone  expedited 
by  encloang  Hie  with  briiJt  dam,  490  ; 
airangemenis  for  fncililating  building 
of  rock,  490-491  ;  forms  given  to  rock, 
491  :  object  atid  advantages  of  fann- 
ing cylindrical  base  for,  491  ;  internal 
arrangements  of,  4S9,  491-491 ;  heigbta 
of  aolid  portion  at  Eddystone  and 
Bishop  Rock,  489-491  ;  cost  of,  on 
(ocks  in  the  sea,  49Z  ;  soaicea  of  illa- 
uiinniions  for,  493  ;  power  of  lights 
of,  eonccairnted  bjr  lenses,  49a  ;  dia- 
•■— "-e  character  given  to,  by  rotating 


flashes  fiom,  increased  by  rapid 
li'jn  in  mercury  bulb,  enabling  wioer 
panels  of  leiisei  to  be  used,  491-493  ; 
lenses,  flashes,  and  power  of  ihree- 
flash  tight  exhibited  from  Ca[w  B6ir, 
493 :  periods  and  power  ol  flashes 
emitted  from  Eddyslone  and  Bishop 
Riick,  493 ;  melliods  of  increasing 
jKiwer  of  light  at,  in  fuggy  \veallier, 
493-494  ■  range  of  Eddyslone  and 
Bisliap  Rock,  increased  by  raising 
height  of  lights  in  rebuilding,  494; 
bells,  explosions,  and  sirens  used  for 
fog  signals  at,  494  :  distances  at  which 
lirens  at,  are  audible,  494  ;  position  of, 
I   in   fogs,    indioiled   by   grouping   the 


sounding  sigiuls  like  the  fla&bn,  4^  1 
instances  ol  sctew-pilr,  and  elevation 
of  Walde  lighlhoose,  495.  See  aUo 
Bishop  Rixk  LishlkiMit  and  Ei^ttfaf 
Ughlhouse 

Light  Bulmya,  36i<37i  ;  gaugs  of.  in 
different  countries,  245  ;  odvanligB  ol 
narrow  gatige  for,  146,  263  ;  definition 
of.  161  :  objects  of,  261  ;  condiliani 
necesary  for,  261  :  gai^es  adopled  for. 
262-263  •  EW'li'^  ofi  dependent  on  liiol 
conditions,  262  ;  influence  of  gaoge  im 
cost  of,  262  i  laying  out  of,  t63-2&): 
pflram0UDt  importance  of  cconomiol 
cunstrDClinn  lor,  264 ;  coat  of,  in 
various  counlries  coiopared  with  cod 
of  ordinary  tailvajs,  264-266  ;  pn»- 
pects  uF,  in  United  Kiiigdom.  lb6; 
gauges  of,  in  United  Kingdom,  2(17 : 
mono^rail.  on  tresll^  267-268  ;  Ele- 
vated mono-rail,  with  suspended  iws. 
268-269;  '"  Belgium,  269-270;  io 
India,  270-271 

Liglit-ihipi, 49O-49S  ;  foruiarkii^andy 
iboals  mil  al  sea,  49^497  ;  ™biht* 
tif  light  from,  impaired  1^  rolling  ■X. 
497  :  arrangements  for  redncing  mil 
of,  in  storms,  497  ;  light  and  Itnus 
of,  placed  on  compound  pcndnluin  i<> 
reduce  their  nsciUalioiu,  497  ;  intenBty 
of  compressed  oil  gas  incandatml 
light  exhibited  from,  497  j  rotation  of 
light  OQ,  to  indicate  station,  tSktXtA  bj 

clockwork,  497-49* 

Ume,  two  kinds  o(,  14-IJ  ;  soatpcs  of 
ordinary,  15:  setting  of,  i;  ■  miitd 
with  sand  for  morut,  15  :  loatccs  "I 
hydraulic,  15  :  bydrsalic,  capable  "^ 
setting  uniler  water,  IJ  ;  uMd  Im 
Hiflening  hard  water,  339  ;  aening  Ii* 
precipitate  solids  from  sewage,  560; 
objections  to  use  i>f>  fin  pnfi^rinj 
sewage  under  certain  condiliona,  jMi 
atiiun  of,  in  conjunction  with  caialo 
'ithcT  salts,  more  efficient  In  [HUi^ing 
sewage,  560 

LimeitanM,  composition  ii(,  i];mkt)o 
of.  difierii^g  in  com^xisitiiin  and  dui*' 
bilily,  131  compresBjve  Bttengllmf.  \y- 
absiKptivily  of,  13  1  limes  ublainri 
from,  by  calcination.  14' 1 3  i  and  f<° 
road  mclQlliii,;.  84  ;  w.iict  ..Iriwn  fnffl 
wells  sunt.  ■  ■"   --     .  tiijdnna 


Limit  of  'l.y-^. 


LivcrpMl  Decks.  iip]jiii:iih  Llmnnd  *-\ 
rrniieriKl  aiwavi  atcealNe  by  drcdciiic 
Met>U7  K-ir,  371,  46S  ;  floating  lan£ii(' 
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stage  in  front  of,  for  access  at  all  states 
of  tide,  445,  448;  formed  on  land 
reclaimed  from  Mersey  foreshore,  448  ; 
main  and  branch  docks  in  northern 
portion  of,  448 ;  section  of  dock  wall 
at,  453  ;  sluicing  at  entrances  to,  for 
maintaining  the  depth,  456  ;  two  pairs 
of  gates  placed  across  some  entrances 
to,  457-458 ;  greatest  width  of  entrances 
to,  459 ;  width  and  depth  of  large 
entrance  leading  to  new  half- tide  basin 
at,  459  ;  dock-gates  at,  made  of  green- 
heart,  462  ;  dimensions  of  large 
graving  dock  at,  466.  See  also  Mersiy 
River 

LiTwpool  Orerhead  Bail  way,  239-241 ; 
length  of,  239,  241  ;  form  of  iron 
viaduct  carrying,  over  dock  road,  239, 
240  ;  gradients  and  sharpest  curves  on, 
239  ;  swing  bridge  on,  with  upper  and 
under  roiulway  across  entrance  to 
Stanley  Dock,  239,  240 ;  bascule 
bridges  on,  for  increasing  headway  on 
roads,  239,  240 ;  worked  by  electricity, 
240-241  ;  cost  of,  241 

Loeh  Xatrhio,  area  of,  517  ;  storage  pro- 
vided by  raising  level  of,  517  ;  distance 
of,  from  Glasgow,  and  height  of,  above 
it,  517 ;  daily  supply  provided  for 
Glasgow  from,  517  ;  supply  conveyed 
from,  by  gravitation  through  conduit 

to  Gla^ow,  5 '7.  534 
Loeh  Xatnno  Aqnoduet,  following  mostly 
the  hydraulic  gradient,  532  ;  section  of, 

Loen  on  Inland  Canals,  389-393  ;  ordi- 
nary method  for  passage  of  vessel* , 
388 ;  flights  of,  at  abrupt  changes  of 
level,  388 ;  longitudinal  sluiceways 
and  cylindrical  sluice-gates  for  rapid 
filling  and  emptying  chamlxrrs  of,  3X9  ; 
lift-wall  for  upper  sill  of,  389-390  ; 
with  enlarged  chamber  and  inter- 
mediate gates  for  facilitating  tragic, 
390  ;  dimensions  of  old,  in  England, 

390  ;  dimensions  of,  on  Aire  and  ( ialder 
and  Weaver  navigations,  390  ;  standard 
dimensions  of,  in  France,  390  ;  larg<!r, 
on  Canal  du  Centre  of  France,  and  of 
Belgium,  390  ;  dimensions  of,  on 
Merwede  Canal,  390;  dimensions  of, 
on  canals  between  the  St.  Lawrence 
and  the  Great  Lakes,  390  ;  dimensions 
of,  on  lateral  canals  connecting  Lakes 
Huron  and  Superior,  391  ;  lilts  of,  in 
England,  and  in  France,  391  ;  lifts  of 
combined,  on  Canal  du  Centre,  France, 
391 ;  particulars  of  peculiar  lock  on 
St.  Denis  Canal,  with  exceptional  lift, 

391  ;  lifts  of  some,  in  Nortn  America, 


391 ;  instxmces  of  flights  of,  in  England 
and  France,  391-392  ;  provisions  for 
reducing  time  of  passage  through,  392  ; 
traffic  through,  on  Soulanges  Canul 
expedited  b^'  lighting  and  working, 
by  electricity,  392  ;  consumption 
of  water  in  passing  through,  392  ; 
saving  of  water  and  time  by  du[)licate, 
and  intermediate  gates,  392-393  ;  Hide 
ponds  for  economizing  water  at,  393  ; 
preferable  to  lifts,  for  ordinary  differ- 
ences of  level,  an<l  with  an  adequate 
water-supply,  399 ;  ex|)cnding  more 
time  and  water  than  inclines  and  lifts, 

399 

Lookf  on  Rivers,  339  342 ;  for  sur- 
mounting differences  in  level  of 
canalized  reaches,  338  ;  general  form 
^>f>  339  I  «'»  canalized  Main,  339,  340, 
Severn,  340,  343,  Lot,  340,  343, 
Upper  and  I^)wer  Seine,  340,  ,^.i  ; 
distance  apart  of,  on  Unper  and  Lower 
Seine,  and  Main  below  Frankfort, 
340 ;  dimensions  and  depth  of,  deter- 
mined by  anticipat<rd  si/e  of  veHHcls, 
340-341  ;  standard  dimensions  of,  on 
main  waterways  of  France,  341  ;  dimen- 
sions of,  on  Lower  Seine,  and  on  Main 
below  Frankfort,  341  ;  arran^;en)ents 
at  Suresnes  Lock  on  Lower  Seine, 
341,  342  ;  methods  of  increasing:  uc- 
comm<Mlation  at,  342  ;  usual  limits  ol 
rises  at,  342 

Looks  to  Dookl,  45H  461  ;  advantages  of. 
compared  witli  entrances,  45(1  457  ; 
leadii))^  to  tidal  basins,  as  in  I'oil  ol 
London,  456-457  :  parts  and  uiiunge- 
ments  of,  45K  45()  ;  intermediate  paii 
of  gates  sometimes  provided  in,  45K  ; 
large  wi<itl)  ol,  at  sonu'  ])oils,  and 
standard  width  ol,  iit  London,  459; 
increased  len^jtli  and  «l<M»th  of,  at 
London,  Liverpool,  Hull,  CardiO, 
iiarry,  and  llavie.  4S<)  4<h)  ;  construc- 
tion of  loundatioiis  |oi,  4(k>  ;  portions 
of  new  lot  k  at  llavie  jounilcd  with 
caissons  sunk  l»y  ronipresst'd  air,  4(x)  ; 
umstructioii  of  the  \arious  ])arts  of, 
460  401  :  construction  and  working  of 
jjaies  closing,  401-464,  an«l  caissons, 
464  4(»<i.     S<M'  aist)  Dock-iiatt's 

Loire  Lateral  Bhip-canal,  alongside  part 
of  Loire  «*stuary,  417  ;  length  and 
dimensions  »»f,  417  ;  closnl  by  a  regu- 
lating lock  at  each  end,  417  ;  for 
avoiding  shallow  ;md  shifting  estuary 
channel,  417 

Loire  River,  inundations  of  valley  by 
torrential  floods  of,  331-332  ;  openings 
in  embankments  for  gentle  escape  of 
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high  floods  of,  332  ;  expanding  into 
large  sandy  estuary  accessible  towards 
high  tide,  378  ;  shallow  and  shifting 
channel  through  estuary  of,  below 
trained  portion,  379 ;  training  works  in 
estuary  of,  stopped  to  avoid  accretion 
with  loss  of  scour  at  outlet,  382,  383  ; 
connected  with  Sadne  by  Canal  du 
Centre,  390  ;  ship-canal  formed  along- 
side part  of  estuary  of,  in  place  of 
estuary  channel,  417 

London  Books,  Albert  and  Victoria  docks 
of,  different  types  of  suitable  forms, 
447  ;  main  and  branch  docks  at  Til- 
bury, 448,  449  ;  dredging  needed  in 
Thames  to  render,  always  accessible 
for  large  vessels,  448-449 ;  half-tide 
basins  with  entrance  locks  provided  at 
several,  456  ;  standard  widdi  of  largest 
locks  at,  459  ;  dimensions  of  the  largest 
lock  of,  459 ;  sections  of  iron  dock- 
gates  at  Victoria  Dock  of,  462 ;  iron 
dock-gates  used  in,  462  ;  dimensions 
of  large  graving  docks  at  Tilbury,  466 

London  Low-Level  TnbnlAr  Bailways, 
229-232  ;  general  design  and  construc- 
tion of,  229-230  ;  routes  of,  opened 
and  in  progress,  230 ;  vibrations  on, 
and  their  cause,  230;  shafts  for,  at 
stations  and  in  Thames,  230 ;  two 
single-line  tunnels  adopted  for,  and 
their  objects,  230-231  ;  description  of 
City  and  South  London  Railway,  231- 
232 ;  advantages  of,  232.  See  .City 
and  South  London  Railway 

London  Metropolitan  Bailway,  226-229  ? 
differences  between,  and  tube  railways, 
226 ;  largely  constructed  by  cut  and 
cover,  226-227 ;  connection  of,  with 
other  lines,  226  ;  depth  of,  below  sur- 
face, 227  ;  worst  gradients  and  curves 
on,  227 ;  typical  sections  of  covered 
way  on,  227  ;  tunnels  on,  227  ;  in  Q\icu. 
cuttini^  with  retaining  walls,  227,  228, 
229  ;  sections  showing  underpinning  of 
houses  and  construction  of  covereii  way 
for,  under  streets,  228  ;  sections  of  re- 
taining walls  in  shallow  cutting,  and 
with  struts  in  deep  cutting  for,  228  ; 
method  of  construction  of,  under 
streets,  228-229  ;  diversion  of  sewers  in 
constructing,  229  ;  openinjjs  for  venti- 
lation of,  229  ;  electric  traction  needed 
for,  229  ;  cost  of,  229 

London  Outfall  Sewers,  section  of  North- 
ern, 547,  548 ;  Northern,  discharging 
into  reservoir  at  Barking,  547  ;  dis- 
charge from  three  collecting  sewers 
received  at  Abl^ey  Mills  by  Northern, 
547-548 ;     description    of    Northern, 


548  ;  instances  formerly  of  discharge  of 
sewage  into  an  estuary,  556  ;  diameter 
and  fall  of  Southern,  556 ;  sewage 
pumped  up  from  Southern,  at  Crossness 
into  a  reservoir  for  discharge,  556 ; 
distance  of  outlets  from,  below  London 
Bridge,  557  ;  effect  of  diversion  of 
sewage  by,  on  Thames  near  London, 
and  in  neighbourhood  of  outlets,  557  ; 
treatment  of  sewage  at  outlets  of,  with 
chemicals,  and  disposal  of  precipitated 
sludge,  557 

Long  Shoots,  for  deposit  of  dredgings, 
52  ;  type  and  description  of,  used  on 
Suez  Canal,  52-53  ;  instances  of  use 
off  53  ;  fo*"  conveyance  of  dredgings  to 
form  side  banks  in  construction  of 
ship-canals  through  lakes  or  low 
ground,  404 

Look-ont  Honntain  Cable  Bailway,  292- 
293  ;  description  of,  292-293  ;  method 
of  working,  293  ;  construction,  strengthf 
and  arrangement  of  cables  of,  293 

Loops,  and  spirals  on  St.  Gothard  Kail- 
way,  106 ;  on  mountain  section  of 
Canadian  Pacific  Railway,  106 ;  to- 
gether with  switchbacks  on  Oroya 
Railway,  107,  108,  and  Anglo- 
Chilian  Nitrate  Railway,  266 

Lower  Ganges  Canal,  fall  of,  430 ;  width, 
depth,  and  discharge  of,  430  ;  Kali 
Nadi  aqueduct  on,  431  ;  lengths  of 
canals  and  distributaries  from,  431 ; 
area  irrigable  by,  431 

Luis  L  Bridge,  133-134;  second  metal 
arched  bridge  over  Douro  at  Oporto, 
133  ;  description  and  elevation  of,  134 : 
cost  of,  134  ;  curved  support  for,  at 
springings,  135  ;  advantage  of  depth 
given  to  arch  of,  at  springings  for 
erection,  136-137 

Lump-Sam  Contract,  33 ;  advantage  of, 
33  ;  based  on  schedule  of  prices,  33  ; 
explanations  respecting,  33 

Lyons  Suburban  Cable  Bailway,   29S; 
rise,  length,  gradients,  and  gauge  of, 
298  ;  weight  and  speed  of  trains  on, . 
298  ;    peculiar   method    of    working, 
298  ;  cost  of,  298 


M 


Maas  Biver,  long  shoots  for  depositing 
dredgings  used  on,  53  ;  new  outlet  for, 
led  across  beach  by  fascinework  jetties, 
360-361  ;  systematic  regulation  of, 
l>elow  Rotterdam,  374-375  ;  enlarge- 
ment of  channel  seawards,  375,  377 ; 
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deepening  narrowed  jetty  channel  and 
straight  cnt  by  dredging,  377 

MadiMB  Inolino,  first  railway  worked 
with  solid  central  rack,  274 ;  gauge, 
length,  and  gradients  of,  274  ;  worked 
by  special  locomotives  with  cog-wheel, 
275  ;  worked  subsequently  by  Baldwin 
locomotives,  275 

XadrM  Harbour,  formed  on  open  sea- 
coast,  469  ;  enclosed  by  two  break- 
waters, 471-473  ;  plan  of,  472  ;  width 
and  depth  of  entrance  to,  473  ;  pro- 
gression of  foreshore  on  south  side  of, 
and  erosion  on  north  side,  474,  506  ; 
possible  non-interference  with  drift  by 
open  viaduct  to  outer  harbour  for,  475  ; 
breakwater  sheltering,  formed  with 
sloping  blocks  on  rubble  mound,  481  ; 
overthrow  by  storm  of  outer  arms  of 
superstructure  at,  482 ;  new  super- 
structure at,  protected  by  wave-breaker 
of  blocks,  482 

Main  Biver,  339 ;  example  of  recent 
canalization,  339  ;  position  of  locks  on, 
339,  340  ;  average  distance  apart  of 
locks  on,  340 ;  dimensions  and  avail- 
able depth  of  locks  on,  341  ;  large 
needle  weirs  on,  339,  348  ;  drum  weirs 
across  timber  passes  on,  339,  355 

Manohetter  Ship-Canal,  402,  409,  410, 
412-413  ;  excavators  used  on,  38  ;  cost 
of  excavating  on,  $3 ;  cross  section 
and  dimensions  of,  402  ;  side  slopes 
of,  403  ;  number  of  excavators  and 
other  plant  employed  in  constructing;, 
403  ;  travelling  bands  used  on,  for 
removal  of  dredgings,  404  ;  supplied 
with  water  by  Mersey  antl  Irwell,  405  ; 
high-level  and  swing  bridges  over,  405- 
406  ;  rising  inland  by  locks,  and  length 
of,  409  ;  longitudinal  section  of,  410  ; 
description  of  locks  and  sluices  on, 
412-413;  tidal  reach  on,  415-416; 
discharge  of  tidal  and  flood-waters 
from,  through  sluices  across  outlet  of 
Weaver,  416  ;  currents  in  tidal  reach 
of,  416  ;  Bridgewater  Canal  conveyetl 
over,  in  a  swing  aqueduct,  416  ;  wide 
enough  for  vessels  to  pass,  416  ;  form- 
ing approach  channel  to  IVIanchester 
and  Salford  docks,  448 

KaniUm  and  Pike's  Peak  Bailway,  laid 
virith  double  Abt  rack,  281,  282  ; 
gauge,  rise,  and  length  of,  281  ;  worst 
gradients  and  curves  on,  282  ;  cost  of, 
282 

ICargate  Sea  Wall,  507,  508 ;  section  of 
concrete-block,  507  ;  object  of,  508  ; 
stepped  face  of,  for  breaking  up  ad- 
vancing and  receding  waves,  508 


Karia  Pia  Bridge,  131,  136;  across 
Douro  at  Oporto,  131  ;  length  and 
description  of  arch  of,  131  ;  arch  of, 
pivoted  at  springings,  135  ;  erection  of 
arch  of,  136-137 

Harie  Canal,  reconstructed  recently  for 
large  traffic,  385  ;  cpnnecting  basins  of 
Volga  and  Neva,  386  ;  link  of  water- 
way between  Caspian  and  Baltic,  386  ; 
tonnage  and  dimensions  of  vessels 
navigating,  386-387 

Kame  Biver,  bear-trap  weir  across,  351  ; 
drum  weirs  constructed  across,  for 
canalizing,  355  ;  connected  with 
OurcQ  Canal  bv  an  incline,  394 

Harseillei  Canal,  fall  of,  430 ;  carried 
over  Arc  valley  by  Roquefavour 
aqueduct,  431  ;  drawing  supply  from 
Durance,  431  ;  length  of,  and  tunnels 
on,  431 

Marseilles  Cliff  Bailway,  296-297  ;  steep 
incline,  rise,  and  length  of,  296 ; 
number,  fonn,  and  size  of  cables 
attached   to    carriages   travelling    on, 

296  ;  accommodation  and  weight  of 
carriage  on,  296  ;  method  of  working, 
by  means  of  water  counterpoise,  296- 

297  ;  provision  for  maintainmg  uniform 
tension  of  all  the  cables  on,  297 

Harseilles  Harbour,  443 ;  port  on  sea- 
coast  protected  by  breakwater,  440, 
443  ;  construction  of  quay  walls  round 
basins  of,  442,  443  ;  arrangement  of 
bt^ins  at,  443  ;  depth  in  front  of  quay 
walls  at,  444  ;  ample  quays  formed  at, 
by  jetties  from  shore,  447  ;  quay  of 
breakwater  at,  formed  on  rubble  mound 
and  sheltered  by  superstructure,  476, 
478,  479  ;  section  of  breakwater  shel- 
tering, 478  ;  upper  sea  slope  of  rubble 
mound  of  breakwater  at,  protected  by 
concrete  blocks,  478,  479 

Masonry,  sttmes  used  for,  12-13 ; 
strength  of  stones  used  for,  13  ;  mortar 
used  in  building,  18-20  ;  safe  stresses 
on,  28;  used  in  arched  bridges,  125- 
129 ;  conditions  necessary  to  avoid 
tension  in,  129-130  ;  pressures  on,  in 
reser\'oir  dams,  527 

Masonry  Bridges,  125-130;  types  of 
small  brickwork  or,  for  railways,  125- 
127  ;  method  of  erecting,  125,  129, 
arrangement  of  courses  in,  on  the  skew , 
127-128 ;  dimensions  of  Alma,  An- 
toinette, (irosvenor,  London,  128, 
C^astelet,  Ciour-Noir,  Lavaur,  129 ; 
cost  of  Antoinette,  Castelet,  Gour- 
Noir,  Lavaur,  129  ;  conditions  of 
stability  of,  129-130.  See  also 
Antoinette  Bridge  and  Castelet  Bridge 
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Mftthematici,  applied  in  surveying  and 
tacheometry,  5,  102-104  ;  in  ranging 
railway  curves,  5,  108-109 ;  for  the 
determination  of  stresses  on  bridges,  5, 
arched,  122-125,  129-130,  suspension, 
123-124,  139,  girder,  153-157,  con- 
tinuous girder,  167-169,  172-173  ;  for 
calculating  the  pressures  on  reservoir 
dams,  5,  523-526  ;  combined  with  ex- 
|)eriments,  for  ascertaining  discharges 
of  water  in  open  channels  and  pipes,  5, 
429,  540  ;  required  in  designing  forms 
of  lenses  for  lighthouses,  5,  493,  and 
stability  of  light-ships,  497 

Kemphii  Bridge,  175,  179  ;  continuous- 
girder  and  cantilever  bridge,  174 ;  in- 
creased in  height  over  piers,  174; 
elevation  of,  175  ;  cantilever  spans  of, 
built  out,  177  ;  description  of,  179 

Keiud  Soipension  Bridge,  early  use  of 
wrought  iron  in,  24;  supported  by 
chains  formed  with  flat  links,  140 ; 
description  of,  140 ;  cost  of,  140 ; 
roadway  and  sus{>ension  rods  of,  injured 
by  gale,  149 

lEeney  Biyer,  sand-pump  dredger  used 
on  bar  of,  47  ;  capabilities  of  dredgers 
lowering  bar  of,  48-49 ;  cost  of, 
dredging  on  bar  of,  54  ;  size  of  tidal 
portion  of,  due  to  tide,  359  ;  cause  of 
formation  and  position  of  bar  at  outlet 
of,  372  ;  extent  of  deepening  bar  chan- 
nel of,  effected  by  dredgmg,  372  ;  ex- 
panding into  large  sandy  estuar>',  378  ; 
causes  of  successful  deepening  of  bar 
channel  of,  378 ;  upper,  supplying 
Manchester  Canal,  405  ;  floating  land- 
ing-stage in,  at  Liver})ool  accessible  at 
all  times,  445 

Mersey  Tunnel,  215-218  ;  length  of, 
215  ;  minimum  depth  of,  below  river- 
bed, 215,  216  ;  strata  traversed  by, 
215  ;  construclion  of,  215-217  ;  longi- 
tudinal and  cross  sections  of,  216  ; 
gradients  of,  217-218;  kept  dry  by 
drainage  headings  and  pumping  in 
shalls,  218  ;  veniiiation  of,  218  ;  length 
of,  with  approach  railways,  and  cost, 
218 

Kerwede  Canal,  recently  constructed 
with  good  prosjiects  of  traffic,  385  ; 
dimensions  and  side  slopes  of,  386  ; 
cross  section  of,  387  ;  connecting  River 
Merwede  with  Amsterdam,  390  ;  ar- 
rangements and  dimensions  of  locks 
on,  390 

Metal  Arched  Bridges,  130-137  ;  dimen- 
sions of: — Southwark,  25,  130,  Coal- 
brookdale,  Sunderland,  Victoria,  Pim- 
lico,    130,    St.  Louis,    130-131,    132; 


Garabit,  131,   132,  Griinenthal,   131- 

133,  Maria  Pia,  131,  136,  Niagara 
River,  Salmon  River,  Stony  Creek, 
I3i»  132,  Washington,  New  York, 
131,  Levensau,  Luiz  I.  Miingsten,  133, 

134,  Niagara  Falls  and  Clifton,  134 ; 
provisions  for  changes  of  temperature 
in,  135  ;  erection  of,  by  building  out, 
135-^37;  advantages  of,  351.  See 
Si.  Louis  Bridge^  Garabit  Viaduct^ 
Maria  Pia  Bridge,  etc. 

Meteorology,  with  reference  to  the  force 
of  wind  against  bridges,  7,  28,  149-150, 
181  ;  prevalence  and  force  of  gales, 
and  exposure  of  sites  in  respect  of 
works  on  the  seacoast,  7,  469-470, 474, 
480,  482 ;  rainfall  and  evaFK)ration  in 
regard  to  the  flow  of  rivers  and  water- 
supply,  7,  29,  325-326,  328,  419-420, 
423,  512,  5i8-5i9»  527 

Metropolitan  Bailways,  225-243  ;  two 
types  of,  225 ;  Underground:  two 
systems  of,  226  ;  London,  226-229 ; 
low-level  tubular,  under  London,  229- 
232  ;  Paris,  232-234  ;  Glasgow  Dis- 
trict, 234-235.  Overhead  :  two  forms 
of,  235  ;  on  brick  viaducts  in  London 
and  Berlin,  235-236 ;  elevated  along 
streets,  in  New  York  and  Brooklyn, 
236-239  ;  Liverpool,  239-241  ;  Berlin, 
241 ;  Overhead  and  Underground,  com- 
pared, 241-242  ;  widening  railways  in 
and  near  large  towns,  242-243.  Sec 
London  Metropolitan  Railway,  Paris 
Metropolitan  Railway,  Glasgo7u  Dis- 
trict Railway,  etc. 

Millstone  Grit,  used  as  setts  for  street- 
paving,  87  ;  suitable  for  tramway 
tracks,  305 

Mississippi  &iyer,  cutters  and  water-jets 
used  in  dredging  channel  through 
shoals  in,  at  low  stage,  48,  49  ;  com- 
parative trials  of  cutters  and  water-jets 
in  suction  dredging  in,  49  ;  levees  on 
I^wer,  to  prevent  inundations,  331  ; 
breaches  in  levees  on,  331  ;  trained  and 
deepened,  336 ;  instance  of  large  tide- 
less  river,  359  ;  plan  showing  delta  of, 
362  ;  advance  01  delta  of,  retarded  by 
depth  in  Gulf  of  Mexico  and  littoral 
current,  362 ;  proportion  of  alluvium  to 
discharge  of,  363  ;  results  of  harrowing 
and  dredging  on  South-west  I'ass  bar 
of,  363 ;  reasons  for  selecting  South 
Pass  outlet  of,  for  improvement  instead 
of  South-west  Pass  outlet,  365  ;  rate 
of  advance  of  delta  of,  at  each  outlet, 
365  ;  construction,  length,  and  direc- 
tion of  parallel  jetties  extending  out 
from    South    Pass   outlet,   365,    366 ; 
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depth  attained  over  bar  at  South  Pass 
of,  by  the  scour  concentrated  by  ihe 
jetties,  366 ;  jetty  channel  at  South  Pass 
of,  narrowed  to  increase  scour,  366  ; 
plan  and  longitudinal  section  of  outlet 
jetty  channel  of,  showing  changes,  366  ; 
decreasing  depth  in  front  of  outlet  of, 
366  ;  re-formation  of  bar  in  front  of 
South  Pass  outlet  of,  retarded  by 
littoral  current  and  depth,  367 

Koerdjk  Bridge,  weight  of  one  span  of, 
163  ;  floating  out  girders  for  erection 
of,  166,  167  ;  depth  of  river  at,  and 
spans  of,  167 

Monkland  Canal  Ineline,  supplementing 
flight  of  locks  at  Blackhill,  394 ; 
length,  gradient,  and  gauge  of,  394 ; 
barges  conveyed  on,  in  counter- 
balancing caissons,  394  ;  saving  in  time 
uver  passage  through  flight  of  locks, 

394 
Kono-Bail  Xlevated  Railway,  with  Sui- 

p«]ided  Cart,  268-269  ;  description  of 

Elberfeld    and     Barmen,     208-269 ; 

peculiarities  of  construction,  268-269  r 

method  of  working,  and  accommodation 

of  cars,  269 ;  illustrations  of  frames, 

carrying,  and  cars,  269  ;  distance  apart 

of  stations,  and  speed  on,  269 

Mono-BaU  Railway,  267-268  ;  Lartigue 
system  of,  267-268 ;  arrangement  of 
trestles  for  carrying  rail  of,  267  ;  de- 
scription of  Listowel  and  Ballybunion, 
268  ;  pannier  form  of,  locomotives  and 
carriages  on,  268  ;  system  originally 
introduced  for  horse  tramroad  in 
Algeria,  to  avoid  sand  drifts,  268  ; 
speed  on  Listowel  and  Ballybunion, 
and  on  electric  experimental,  near 
Brussels,  268 ;  speed  proposed  on 
authorized  Liverpool  and  Manchester 
express,  268 ;  advantages  of,  268 ; 
Mount  Vesuvius  Cable,  293 

Xont  Cenii  Fell  Railway,  273 ;  for 
crossing  Mont  Cenis  pass  during  con- 
struction of  tunnel,  273  ;  description 
of,  greatest  train-load  carried  up,  and 
heaviest  locomotive  employed  on,  273 

Xont  Cenii  Railway,  ruling  gradient  on, 
105  ;  sharpest  curves  on,  106 

Mont  Cenii  Tunnel,  bottom  heading 
driven  at,  196  ;  stages  in  construction 
of,  196,  202,  208,  209  ;  cross  sections 
of  heading  and  enlargements,  and  of 
lining  of,  202  ;  length  of,  207  ;  height 
of,  above  sea-level,  207  ;  depth  of, 
below  surface,  207  ;  maximum  heat  in 
headings  of,  during  construction,  207  ; 
gradients  in,  207  ;  divergence  at  junc- 
tion of  headings  in,  208  ;  dryness  and 


firmness  of  strata  traversed  by,  209  ; 
strata  traversed  by,  210  ;  rates  of  pro- 
gress of  headings  in,  210-21 1  ;  cost  of, 
211  ;  longest  route  between  Calais  and 
Brindisi  through,  213 

Mont  St.  Salyatore  Cable  Railway, 
293-294  ;  rise  and  varying  gradients  of 
the  two  sections  of,  293  ;  curves  and 
gauge  of,  293 ;  speed  of  trains  con- 
trolled by  aid  of  double  Abt  rack, 
293  ;  method  of  working  trafBc  on,  by 
help  of  drum  driven  by  dynamo-motor, 
293-294 ;  diameter,  strength,  and 
strain  of  cable  on,  294 ;  speed  of 
trains  on,  294  ;  length  and  rise  of,  294  ; 
time  occupied  in  traversing,  291  ;  cost 
of,  294 

Kont  Saleve  Railway,  laid  with  double 
Abt  rack,  and  worked  by  electricity, 
282  ;  length,  rise,  and  gauge  of,  282  ; 
gradients  on,  282  ;  cost  of,  282 

Montserrat  Railway,  laid  with  Abt  rack, 
282  ;  length,  gauge,  steej^est  gradients, 
and  sharpest  curves  on,  282 

Mormngao  Harbour,  sheltered  by  single 
breakwater  projecting  out  from  3ie 
coast,  471  ;  breakwater  at,  formed 
with  sloping  blocks  on  a  rubble 
mound,  481  ;  superstructure  of  break- 
water at,  protected  by  wave-breaker  of 
blocks,  482 

Mormngao  Quay  Wall,  442 ;  sections 
of,  442  ;  formed  by  concrete  blocks 
deposited  by  crane  in  sloping  rows, 
442,  443 ;  resembling  superstructures 
of  some  breakwaters  in  construction, 
443-444 

Moms  Canal  Inclines,  crossing  spur  of 
AUeghanies,  393  ;  number,  gradients, 
and  rises  of,  393  ;  size  and  conveyance 
of  barges  on,  weight  drawn  up,  time 
occupied,  and  water  expended,  393 ; 
arrangements  on  Oberland  Canal  in- 
clines similar  to  those  on,  393-394 

Mortar,  18-20  ;  composition  of,  18 ; 
proportions  of  sand  and  lime  or 
cement  in,  18  ;  manufacture  of,  18-19  ; 
strength  of,  19-20  ;  influence  of  quality 
of  sand  on,  20 ;  imjxjrtance  of,  in 
structures,  and  precautions  necessary, 
20  ;  value  of  Portland  cement  for,  in 
sea  works,  20 

Motors  for  Tramways,  311-312  ;  fireless 
locomotives,  their  merits  and  defects, 
31 1 -312;  compressed-air,  arrange- 
ments, disadvantages,  cleanliness,  312  ; 
gas  and  oil  engines,  their  advantages 
and  defects,  312  ;  cost  of  compressed 
air  and  gas,  in  Paris,  317 

Mountain  Railway!,  272-286  ;  definition 
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to[MHedfor,  171;  instauccs  of  steepest 
eriutients  surmonDled  with  locomolire 
hj  aiUmion,  372-17J  ; 


anting     ■ 


'7M 


W 


I 


criiltal-iail  Fell  system  for,  273-274 
ladder  or  Riggenbach  rack  for,  274-  1 
377;  donbleude-tackoi t-ockcrsystrm  I 
for,  J77-a78;  Telfcner  rack  for,  778-  \ 
879;  .Sirub  rack  for,  379-380;   Abt   ' 
tack  foi,   380-381 ;    racks   comhincd. 
with  ulbcsian  for  eitf nsiiHi  of  riilways 
in    mounlainous    districts,    3S3-385  ; 
nlalive  odvanlKges  of  diHerent  syslrms 
for  iurmounting  inclitits  on,  3S5-286 ; 
Tolue  of  Iraclion  partly  by  tuck  and  by 
esion  for,  ihrougb  ru^ed  districts, 
;  cable  traction  for,  390-394.     See 
Cat/t  Jtai/mays 
mUUn  B4Uwari  described  or  referred 
to;   Aix-les-Bams   and   Revoid,  iSs; 
Arlh'Kiei,   276,  377  1  Bnoese   Obet- 
UiHl,     ^3-285;    Briiiiig,     2S3-2S6; 
Cantftgallo   incline,  373 ;    Chamonix, 
386  i  Llrochenfels,  376,  377  ;  Eiseneri-  | 
Voriiernberg,  383-384 ;  Generoso,  280- 
sSl  ;    Glion-Naye,    381  ;    Gorneigrat, 
382  i  Harti.  283-385  ;  Jungfiau,  279- 
380  ;     Madison    incline,     274  -  375  ; 
Manilou  and  Pike's  Peak,  z8i  ;  Mont  1 
tenii  Fell,  373;  Mont  Saleve,  282;  ' 
Montserrat,  282;  Monnt  Washington,   1 
174,375;  Pilitus  277-378  :  Rimutaka 
incline,     374  ;     Kolhom,    380  -  2S1  ;  ' 
Riideshrioi-Niederwald,  276,  277  ;  Si.   I 
Ellero-Saltino,     278-379  ;    Salibuig- 
Caiiberg,  276,   277  ;  Schafberg,  283  ; 
Schynige-Platte,  276,  277  ;  Snowdon, 
283 !  Tninsandinc,  183-285  ;  Trincheras 
incline,  3S2, 3K3  ;  Usui,  382-2S3 ;  Visp- 
Zcnnact,  283-386  ;  VilinBD-Rigi,  375, 
276-277:  Wetigeni-Alp,776,377,    See 
Ais-la-lSaiHs    attti   Rtvard   /toihooy, 
Arth-/{igi  /{athvay,  Brrntsf   ObaiaHd 
K<iU-.my,  rie.,  and  alto  CabU  Rtulvayl 
Haeribcd 

Xoant  TMBviai  Oabls  Sailinir,  393 ; 
rise  and  gradients  of.  293  ;  laid  with 
liuglc  mil,  293  ;  method  of  working, 
293;  limeoflranHtoD.  393  i 

KoQiitWMliiliKtoii  Kailwaj,  first  tourist 
mountain  line,  274,  275  ;  length,  rise, 
and  worst  gradients  mid  curves  of,  275 ; 
desctiptioii  of  ladder-rack  on,  375  j 
speed  of  trains  asceniiing,  375  | 

■mble  Bridal.  iSi-187  ,-  diSereiit  1 
type*  of,  181  r  swing,  181-184,  *39.  ' 
240, 405-406 1  iiaversirif,  184 ;  bnKule,  I 
■.84-1&..    339,    3401    lift.    186-1H7; 


lloating,  187  ;  caissons  serving  ni,  46J 
HovftUt  Bridgti  described :  Bnsi,  I81- 


iSa  ;  Haliled  SlrceU  186-187  ;  Hawai- 
den,  183 ;  Howtah.  187 :  MUtnll 
Docks  Passage.  184 ;  New  London, 
181-1S3  :  Stanley  Dock  Eniraace,  239. 
2401  Tower,  184-186 

XOTftbl*  Wain,  346-357  ;  debiitlon  anil 
clnmilication  of.  .?46  ;  navigable  pases 
at,  346-347 :  frame,  dowd  by  needle. 
347-348,  sliding  panel*,  3t8-3l9- 
roliing-up  curtains,  348,  349;  sus- 
pended frame,  from  oveiliead  bridge, 
349-3S1  :  shutter,  bear-trap,  35I-3S^ 
with  trestle  and  piop,  352,  353-JSl: 
drum,  354-356,  value  of,  356  ;  rcUihe 
advantages  of  Ibe  differmt  tjpes  vi, 
3Sfr-3S7-  See  Frami  IVeirt,  Shatcr 
Wtin,  and  Drum  IVtirs 

Koring  Lokd,  definition  of,  27,  lit : 
estimnlcs  of,  27,  121  :  on  Brooklyn 
Bridge,  146  i  on  Forth  Bridge,  181 ; 
canal  aqueducts  free  from,  121,  3S6 


HMD*  Tonnel,  con^tructrd  by  aid  of  iron 
frnmes.  199,  205  :  slrala  traversed  bl, 
305  :  cost  of,  203 

Harrow  Oaoge  for  BailwaTi,  in  England. 
Ireland,  the  L'aniincnl,  India,  South 
Australia,  New  Zealand,  245  :  obj«^ 
and  advantages  of,  346  ;  ndinitlilljE  of 
the  adoption  of  sharpei  curres,  246  ■ 
inflnence  of,  on  cost  of  Indian  rkilwxyi. 
246,  26s  i  eflecl  of,  on  cost  of  railways. 
z63,  265  ;  varieties  of,  on  li^t  rail- 
ways, 263  ;  need  for  greater  unifotnril$ 
in,  263  ;  advantages  of,  for  light  rait' 
ways.  363 ;  of  Anglo-Chilian  Nililte. 
Bartislapie  and  Lynton,  Caen,  I^ies, 
and  Luc-BUr-roer,  Clogher  \'alleT. 
C  orris,  Pithiviers-Toury,  T»Jylljn. 
Totringlon,  and  Marlaiid,  266 ;  rail- 
ways of  the  United  Kingdom  of  variim 
gauges,  with  thdr  rc^iectjve  lenglV, 
267  :  of  Belgian  light  railwan,  1691 
lengths  of  metre  and  other,  rajlway*i>( 
1  ndia  opciiCil  and  in  progress,  anil  total 
lengths,  270-271 

■••myOi'a  PUe-Driv*r,  Sfc-57  ;  descrip- 
lion  of,  56  :  icction  of.   56  i  (ffidonc? 


.  -    sand,  •,       ,, 
KaTyioa Outlet  H.ir 


blocks    of    illpCIollUCi 

breakwater  at,  floated 
4S4 ;    TiUini    used    ID 


r  -hclliji- 
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■•mon  SiTw,  375  ■  iransporter  bridge 
Uir  crossing.  Dear  month,  331  :  regula- 
tion of,  bciow  Biltnu),  374,  375  ;  plan 
and  longiiudinal  section  v(  regulated. 
3'S  :  enUigcment  of  (idol  diannel  of, 
loiraiUi.  375,  3771  j«tie»  guiding 
onilet  of,  ncroBs  licacb,  375,  377  ; 
lirrakuratcn  Khetleting  nccevi  lo,  and 
ptotecting  mouth  of,  ftoin  drift,  375, 

_377-37S.  449 

■ratfiMM  CkuO,  flight  of  iocks  at 
Fonlineltei  on,  391 ;  description  of 
lift  al  Foniiaeltes  on,  to  lelieve  flight 
of  locki,  396-397 :  large  coil  traffic 
along,  (or  I^ris,  396.  Sec  Fimlinttltt 
Lift. 

■•«•  Blnr,  sediment  brought  down  by, 
deposited  in  Lake  Ladoga,  337  ;  cori' 
DeettdwiibVolgmhroughMaiieCanal, 
386 

■nrbsTCB  Bt«akwat«r.  47S :  single 
earring,  sbdlertng  horbouc  froin  most 
eipOied  quarter,  471  ;  scclioM  of,  478  : 
GOIulTDClcd  U[i  Id  low  water  Willi  con- 
KBte  bagi  and  concicte-in-niass  above, 

mXradon  Swing  Bridg«,  ig:  ;  eleva- 
llon  of,  1S3  ;  symmetrical  acrou  two 
cqul  (ijicnings.  1S2  :  width  of  opemni; 
■grans  croned  bf,  iSi  ;  time  occupioi 
in  opening,  182-163  ■  perfect  lialancr 
of.  183 

Rnrpsn  Docki,  inslance  of  lidal  port, 
449 :  imple  depth  of  3|i|iToacli  Ic,  nt 
high  liUe,  449  ;  sDjipIied  with  wuler 
((Uiii  inland  lo  exclude  luiiddf  tidal 
water,  46N 

>nr  Bonth  WalM  Bailwari,  gaugn  uf 

■tandard  and  light.  14$  ;  cost  of,  II15  : 
cost  of.  reduced  by  ci.oiiomy  ••\  liyhi 
nariow-gauge  tiuci,  iiij 
>•«  York  Il«T*t«A  Buiwftjr.  236-339  ; 
length  of.  a36-i37  ;  types  uf  iron 
Tiaduels  tiuiying,  with  cross  sections, 
33T-1JS  i  worst  gradients  aiid  curves 
on.  a3» !  cost  of,  338 ;  method  iif 
woikinc.   33S-239 1  di«uncc  Bjiarl  of 

t«w  Torit  ftnaj  Vklli,  foundel  in  sill 
alongside    Hud»on    River,    441  ;   con- 

Vnr  ZMliuid  ZaUwayi,  |,-augE9o(atan- 
dant  and  light,  14J  ;  cost  of,  145  : 
coal  of,  ifilutcl  by  economy  of  light 
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narrow-gauge  lines,  265  ;  ilcscrii>lii 
uf  working  nith  central  mil  on  Kim 
tak.t  incline  of  Wellington  and  Feothi 
sloo  Kailway,  274 
Kiagan  Cutul«v«r  Bridga. 
instance  of  balanced  canti 
depth  of,  increased  down 
piers,   174  :  form  of,  advantageous 


Ceptionnl  arched  span  of,  1 34  :  eleva- 
tion of,  134;  particulars  of,  1341 
erection  of,  136.  137 
Niagara  Folia  Bupaniton  Bridge,  sjian 
of,  142  :  strengthened  and  stiffened  by 
auaitiaty  cables,  142 :  roadway  of, 
carried  away  by  tornado,  149  -,  road- 
way of,  rebuilt  and  strengthened  by 
Meel  trusses,  149  ;  replaced  eventually 


of,  132  ;  in  place  of  old  suspension 
bridge,  I33  ;  height  above  river, 
dimensions,  and  tost  of,  133  ;  arch  of, 
rcitine  on  curved  support  nl  spriiigiags, 
135;  liuUi  out  over  Niagara  Rapidi, 
137  T  advantages  of,  over  old  suspen- 
sion bridge.  151 

Hiogua  Snapanalon  Bridge,  replaced  by 
steel  arch,  133,  Ijo ;  span  and  cost  of, 
140 ;  number,  formBtloii,  and  dip  of 
cables  supporting.  140  ;  strengthened 
by  au^liary  cablei.  141.  I43,  146 : 
early  example  uf  railway  anil  road 
bridge  of  large  span,  150 

iriBaragn*  Oanal,   to  be  supplied  with 
water    from    Lake    Nicaragua,   405  ; 
designed  to  cLsc  up  each  slope  by  lodts 
to  its  summii-levei  In  X^ke  Nicaragua, 
409,  410  :  length  of,  410  :  diSicultiat'l 
involved  in  coosttuciiun  of,  414-415 1 1 
nearer    10    the    United    States    iha»" 
Panama  Canal.  41S  ' 

Viemen  Bi*er,  plan  showing  dykes  on, 
for  regulation,  335  :  regulated  by 
dykes  ilirough  Friusia,  336 

Kile  Barragea.  length  of.  across  Rosetta 
oiul  Liamieita  branches,  434  :  number 
and  width  of  openings  in,  434  ;  con- 
solidation and  eilensiiiii  of  floors  of. 
434  :  openings  in,  dosed  by  lifting 
gales  sliding  on  Iree  rollers,  434  1 
depih  of  watei  held  up  by,  435 

HUaBiver,  area  of  basin  of,  325  )  regular 
riw  and  fall  of,  at  Cairo,  ilH  ;  value 
of  alluvium  bmnghi  down  t^'floadiof. 
Ill  £gypt,  31)).  4271  description  of 
dam   nith   sluices  acrc»a,  at   Asiuan. 
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quired  at  low  stage  for  summer  irriga- 
tion in  Upper  Egypt,  423-424  ;  rise 
and  fall  of,  at  Assuan,  424  ;  diagram 
of  discharges  of,  at  Assuan  in  minimum 
year,  424 ;  reduction  in  storage  for 
supplementing  flow  of,  at  low  stage  by 
lowering  proposed  height  of  Assuan 
dam,  424-425  ;  White  Nile  unsuitable 
channel  for  conveyance  of  supplemental 
supply  from  Equatorial  Lakes,  425  ; 
ample  supply  available  by  storage  in 
Lake  Demb^,  425  ;  excellent  channel 
afforded  by  Blue  Nile  for  conveyance 
of  supply  from  Lake  Dembea,  425  ; 
range  and  importance  of  flood  rise  of, 
in  Upper  Egypt,  427 ;  barrages  across 
head  of  delta  of,  434 
Korwegian  and  Swedish  Bailwayi, 
gauge  of,  245  ;  low  cost  of,  264 ; 
length  and  cost  of  State  railways  of 
Sweden,  265  ;  length,  gauges,  and 
cost  of  light  railways  of  Sweden,  265 
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Obi  Biyer,  area  of  basin  of,  325 ;  con- 
nected with  river  Yenesei  by  a  short 
canal,  385  ;  length  of  continuous 
waterway  formed  by  junction  of,  with 
river  Yenesei,  385 

Oceanic  Steamship,  dimensions  of,  459  ; 
longer  steamship  than,  in  construction, 

459 
Oder  Biver,  alluvium  brought  down  by, 

deposited  in  lakes,  361  ;  tideless  outlet 

of,  deepened  by  scour  between  jetties 

and  dredging,  361 

Ohio  Biver,  prediction  of  floods  of, 
established  on,  329  ;  bear-trap  across 
drift  pass  on,  352  ;  shutter  weir  across, 
at  Davis  Island,  353-354 

Orissa  Canals,  length  of  weir  at  head  of, 
across  the  Mahanadi,  434  :  weir  for, 
similar  in  construction  to  Sone  weir, 
434  ;  height  above  low  stage  to  which 
ihe  river  is  held  up  by  the  weir  with 
shutters  on  top  for  supplying,  434  ;  dis- 
charge of,  and  area  of  Mahanadi  delta 
irrigated  by,  435 

Oroya  Bailway,  ruling  gradient  of,  on 
slope.>  of  Andes,  105,  272  ;  sharpest 
curves  on,  107  ;  loops  and  switchbacks 
on,  107,  108  ;  elevation  surmounted 
by,  272-273 

Osage  Biver,  timber  drum  weir  across, 
described,  355-356;  method  of  working 
weir  on,  356  ;  estimated  cost  of  weir   i 
on.  356 

Ostend    Harbour,    sand-pump    dredgers  ■ 


employed  at,  49 ;  developed  in  tidal 
creek,  and  access  to,  deepened  by 
jetties  and  dredging,  440,  449 

Ostend  Sea  Banks,  507-508 ;  beach  in 
front  of,  protected  by  groynes,  507 ; 
cross  sections  of,  507  ;  construction  of, 
507-508 ;  serving  to  protect  prome- 
nade, 508 

Oaehy-Lansanne  Cable  Railway,  299; 
object  of,  298  ;  length,  rise,  gradient, 
and  gauge  of,  299 ;  method  of  working, 
by  aid  of  water-power,  299  ;  time  of 
transit  on,  299 

Ontfall  Sewers,  547-551  ;  object  ami 
large  size  of,  547  ;  cross  section  of 
London  Northern,  547,  548 ;  London 
Northern  collecting  sewage  from  three 
lines  of  sewers,  547-548  ;  descripdon 
of  London  Northern,  548  ;  section  of 
Clichy  within  Paris,  548;  fall  of 
Clichy,  548  ;  discharge  of  three  large 
Paris,  collected  by  Clichy,  548-549: 
Paris  sewage  conveyed  by  Clichy,  for 
irrigating  land,  549  ;  description  of 
Clichy,  beyond  Paris,  549-551  ;  plan, 
and  longitudinal  and  cross  sections  of 
Clichy,  outside  Paris,  550 ;  diameter 
and  fall  of  London  Southern,  556 ; 
Torquay,  carried  to  sea  beyond  Tor- 
b*y»  556  ;  Brighton,  formerly  dis- 
charging direct  into  the  sea,  diverted  to 
Rottingdean,  557 

Outlets  from  Beservoirs,  528-529 ;  ob- 
jections to  putting,  under  earthen  dam, 
528-529  ;  valve  tower  placed  in  reser- 
voir at  inner  end  of  culvert  forming, 
529  ;  for  water-supply,  carried  beyond 
earthen  dam,  529 ;  carried  sometimes 
through  masonry  dams,  529 ;  best 
course  for,  round  side  of  valley,  529 ; 
positions  of,  at  Thirlmere  away  from 
dam,  529 

Outlets  of  Bivers,  liable  to  be  obstructed 
by  a  bar,  358 ;  instances  of,  diverted 
by  drift,  359,  360  ;  fixing  and  deepen- 
ing of,  by  jetties,  359,  360,  377; 
regulation  of,  by  jetties,  360,  361; 
instances  of  tideless,  improved  by 
jetties  and  dredging,  361  ;  deltaic 
obstructed  by  sediment  forming  bais, 
361  ;  advance  of  delta  at,  in  tideless 
seas,  361-362  ;  dredging  and  harrow- 
ing at  deltaic,  363  ;  bars  in  front  of 
deltaic,  scoured  by  prolongation  of 
channel  by  jetties,  363-366  ;  value  of 
jetty  system  at  tideless  deltaic,  366- 
367  ;  protection  of  tidal,  by  break- 
waters, 377-378 

Overhead  Bailways,  235-242  ;  on  brick 
viaducts  into  London,  235-236  ;  Berlin 
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\[rlr'.>poUt»ii  ua  brick  viaduct,  236  1 
fin  iron  viariuci  alonj;  stieets  in  New 
Vork  and  Brooklyn,  335-259,  Liver- 
pool, 139-341,  Beilin  declric,  241  ; 
tompireil  with  iindeiground  railwnys, 
141-341 
Of  erbMd  Wire*  for  Eleetiic  Tnuowayi, 
313-314  J    method   of   woiking  with, 

313  :  advaotages  of  i)'slcm  with,  313, 

314  ;  ammEeineiit  fcii  support  of,  313, 
}I4 ;  provmons  Dccessaiy  in  using 
nib  lot  retam  current  with,  313; 
ob^ctinB  to,  in  crowded  streets,  314; 
cost  of  (Taction  by,  317,  318 


ttaMmM  Oaiui.  402,  409-410.  414  ; 
cantors  lued  on.  38-39  ;  long  shi. 
med  on,  for  deposit  of  di 
4C4  i  cross  section  uul  di 
403,  403  ;  nrruigemenls  for 
of  Cnlebrii  cutting  on,  403  ;  supply  of 
WMct  foi,  to  be  obtained  ftom  rivers, 
40$  t  longiludiiul  section  of,  with 
loclo,  409  ;  Icnelb  of,  and  importance 
of,  in  providing  maritime  wateiway 
across  the  isthmus,  4D9-410 ;  gieal 
difficulties  in  way  of  coiuilmction  of, 
«t  S(a-l«vel,  414;  cunsliuction  nf, 
giotly  (•cililated  by  adoption  of  locks, 
414 :  firm  rock  reached  in  Cnlebra 
cutting,  rendering  lower  guimaiC-levcl 
tetuible  foi,  414  :  further  from  United 
States  than  the  Nicaragua  Canal,  4IJ 

?arU  Katrapalitan  Bailwaj,  33i->34  ; 
circular  and  cross  lines  for,  under 
bonkvards  and  streets,  231 1  cross 
section  of  covered  way  for  liisl  portion 
<4,  3]]  i  general  description  of,  and 
lenelhs  o^  underground,  in  cutting, 
and  on  iron  viaduct,  233  ;  gradients 
and  tharpicsl  curves  on,  233  ;  number 
and  distance  apart  of  stations  un,  334  ; 
csttmaiDl  cost  of,  334 

laiUaBatuy  Plana  and  Baetiona,  30' 
jl  ;  objecu  of,  30-31  :  description  of, 
]I  ;  allowable  deviations  from,  31 

twrlis  tot  TnuBwajr  Tiaek*,  305-306  ; 
with  stone  setts,  305  1  with  rough  titri- 
Ged  bricks,  305 ;  wood,  305  ;  asphalt, 
305-306  ;  objeclions  10  macadam  for, 
and  conditions  dictating  use  of,  31^ 

hvisB  of  StTMta,  86-<)5  :  diliereni  fomts 
ot.  S6 ;  stone,  S6-4tg  ;  wood,  89^91  ; 
brick,  gl-i)3  ;  asphalt,  92-94  ;  relative 
netits  and  ex.-iuiplcs  of  use  of  various 
kinds  of,  94-^ 

fajsnu  ftr  worki 


from,  for  maintenance,  34 
P*M*   TiaduDt,    190 ;    length   of.   con- 
ilrucled  of  steel  acroa  Pecos  River, 
189  ;  height  and  spans  of,   189,  190  ; 
elevation  of,  190 
Perennial  lirigattos  Canala,  428-436  ; 
drawing  constant  supply  from  rivers, 
43S-429 ;    two    kinds   of,    upper   and 
ilcltoic,  439  ;  branching  off  into  dis- 
tributing channels,  439  ;  cross  section 
and  fall  of,  adjusted  to  i«uired  dis- 
charge   and    velocity    of    now,   419 ; 
formula  for  calculating  discharge  df,  429 
r/fer,    430-433 ;    wo'l"    fof.    430 : 
eiamplcs  of  fall,   dimenuons,   and 
discharge  of  several,  in  India  and  the 
United    Stales,   43°  5    instances   of 
masonry  aqueducts  carrying,  across 
vtOleys,  430-4JI ;  siphons  for  con- 
veying, down  dips  of  valleys,  43 1  ; 
wooden  flumes  on  trestles   used  in   i 
United    Stales   for   carrying,   acioa    | 
valleyt,   431  ;    carried    occasionally 
in  tunnel  through   rugged  country, 
431  ;  lengths  of  canals  and  chaniKls 
for  distributing  supply  of,  and  area, 
irrigated  by  some  large,  431  ;  con- 
struction of  diversion  weirs  at  head 
of,   431-433  :    sluices   Dt    head   of, 
for  t^ulating  supply,  433  :   differ- 
ences  in  works   for,   in   upper   and 
lower  parts  of  riicts,  433 
OiUok,  433-436 :   arrangements  for, 
with  weir  across  head  of  delta,  433^ 
435  ;  (li^cullies  involved  Irom  silting 
in,  and   loss  of  sill  on  land,  43s  ; 

irrigated   by   some,   43s ;   drainage 

needed  for  land  irrigated  by,  435 ; 
objections  to  irrigation  of  deltas  by, 
435-436.    See  also  IrrigatieH  Catialt 

Psrirar  HaMrrDir  Bam.  421-433  ;  con- 
struclion,  height  of,  and  head  of  water 
retained  by,  421,  433-.   for  diverting 
and  storing  floH  of  Periynr  for  irriga- 
tion,4211  areaofreserioir  formed  by, 
and  volume  stored  up,  431  ;  method  of 
discharging  flow  divcrte-!  by,  431-433  ; 
waste    weir    placed    away    from,    for 
escape  of  surplus  flow,  412 
Pernuuinit  Way,  244-255  1  definiliou  of, 
244  ;  gauges  used  for,  145-Z46  ;  narrow 
I       gauges  for,  246 :  ballast,   34; ;  wood 
I       slee|)ers,  247-249  ;  cast-iron  sleepers, 
149  ■  wrought-iron  and  steel  sleepers, 
I        349-351;    raib,    351-353;    fastenings 
I       fot  rails,  353-354  ;  connection  of  raib, 
»S4  [  lajinft  tails  otv  curves  lyi-iti^ 
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Permeable  Strata,  influence  on  flow  of 
rivers  and  evaporation,  326 ;  springs 
derived  from,  overlying  impermeable 
strata,  512-513  ;  water  obtained  from 
wells  sunk  into,  513 

Peterhead  Breakwater,  single,  from 
shore  stretching  in  front  of  bay,  471  ; 
length  of  upright-wall  shore  portion 
of,  480  ;  depth  of  foundation  of 
superstructure  of  outer  }X)rtion  of,  on 
rubble  mound,  480,  486  ;  overhang 
and  lifting  power  of  Titan  used  in  con- 
struction of,  485*  486 

Physios,  in  regard  to  the  expansion  and 
contraction  of  metal  structures,  5, 
arches,  135,  suspension  chains,  149, 
girders,  157,  cantile\'ers,  179,  181, 
rails,  254  ;  in  respect  to  the  heat  in 
tunnels  under  hign  mountains,  5,  207, 
212  ;  in  relation  to  compressed  air,  5, 
in  foundations,  74-78,  in  driving  the 
headings  of  tunnels,  21 1,  in  sub- 
aqueous tunnelling,  221-223  ;  applied 
in  foundations  in  running  sand  by  con- 
gelation, 5,  63  ;  importance  of,  for  the 
illumination  of  lighthouses  and  sonorous 
signals,  5,  492-494 

Piers  of  Bridges,  66-74,  76-80  ;  founda- 
tions for,  within  cofferdams,  66,  by 
wells,  67,  screw-piles,  68,  disc  piles, 
68,  69,  cylinders,  68-71,  caissons, 
71-74,  by  aid  of  compressed  air,  74, 
76-78  ;  various  forms  of  the  upper  part 
of,  78  ;  influence  of  foundations  of,  on 
design  of  bridges,  78-79  ;  provision  for 
navigable  channel  between,  79  ;  loads 
ini})osed  on  foundations  of,  80.  Sec 
also  Bridge-Pifr  Foundations 

Pilatus  Railway,  277-278  ;  laid  with 
double  side-rack,  277  ;  steepness  of 
gradient  on,  277  ;  racks  acting  like 
central  rail  on,  277  ;  description  of, 
277-278 ;  }>ro visions  for  safety  of 
trains  on,  278  ;  cost  of,  278  ;  vibrations 
resulting  from  steejincss  of,  278 

Pile-driving,  54-58  ;  with  ordinary  pile- 
engine,  54-55  ;  with  Nasmyth's  pile- 
driver,  and  its  advantages  in  sand,  56- 
57  ;  with  steam  pile-drivers,  using  the 
cylinder  as  the  ram,  57  ;  with  gun- 
l)owder  i>ile-driver,  57  ;  by  aid  of 
water-jet,  57-58 

Pile-Engine,  for  ordinary  pile-driving, 
54  ;  elevation  of,  55 

Piles,  forms  of,  54  ;  strengthened  by 
slioe  at  bottom  and  ring  at  top,  54 ; 
adhesion  of,  in  silt  and  sand,  58  ;  used 
for  river  quays,  441.  See  also  Bearing 
FiUs  and  Shed- Filing 

Pin-oonneoted    Girders,   for   Cincinnati 


Southern  Railway  Bridge,  160,  162; 
description  of  Covington  and  Cincin- 
nati, 160,  164  ;  particulars  of  Hawkes- 
bury,  164-165 

Pithiyiers-Toury  Bailwaj,  length,  gangc 
and  weight  of  rails  of,  266  ;  laid  along- 
side high-road,  266  ;  cost  of,  266 

Pittsburg  Point  Buspeiision  Bridge,  141 ; 
carrying  tramways,  140,  149  ;  elevation 
of,  141  ;  supported  by  stiffened  chains, 
148  ;  description  of,  14&-149  ;  rigiditr 
of,  149  ;  length  and  cost  of,  149: 
modified  form   of  suspension  bridge, 

151 
Plymonth  Breakwater,  bay  sheltered  bv 

detached,  471  ;  plan  of  harbour  formed 

by,  472  ;  formed   by  nibble  moimd, 

476  ;  riat  sea  slope   of  exposed,  477, 

478  ;  upper  sea  slope  of,  protected  bjr 

granite  paving,  477,  478  ;  section  of, 

478 

Portland  Cement,  16-18 ;  compositioo 
of,  16  ;  manufacture  of,  16-17 ;  i°>' 
portance  of  specific  gravity  and  fineness 
of,  17  ;  tensile  strength  of,  17;  tests 
for  durability  of,  17-18  ;  proportions 
of  sand  mixcid  with,  in  making  mortjir, 
18 ;  comparative  strengths  of  mortars 
made  with  different  proportions  of,  19- 
20 ;  importance  of,  for  mortar,  20 ; 
proportions  of  concrete  made  with, 
21-22  ;  concrete-in-mass  made  with, 
deposited  under  water,  23,  24 

Portland  Harbour,  widths  of  entrances 
left  by  new  enclosing  breakwaters  at. 
476  ;  outer  and  new  breakwaters  of, 
formed  with  rubble  mound,  476,  486 : 
superstructure  of  inner  breakwater  of, 
protected  by  rubble  mound,  479  ;  qnay 
of  inner  breakwater  at,  formed  on 
rubble  mound  and  protected  by  super- 
structure, 479  ;  staging  used  for 
depositing  mound  and  erecting  snper- 
structure  of  inner  breakwater  at,  4S4 

Port  Said  Harbour,  407,  414;  pro- 
portions of  concrete  blocks  for  break- 
waters at,  21  ;  for  protection  and 
maintenance  of  approach  channel  to 
Suez  Canal,  407,  408,  414 ;  accumob* 
tion  of  drift  on  western  side  of,  and 
erosion  on  eastern  side,  407,  414,  475' 
474,  506  ;  advance  of  foreshore  a»i 
shoaling  in  channel  alongside  western 
breakwater  at,  checked  by  dredging. 
414,  474 ;  concrete  blocks  used  for 
breakwater  sheltering,  in  absence  <^ 
stone,  477 

Poses  Weir,  350 ;  frame  weir  suspended 
from  footbridge,  350 ;  section  of,  with 
pier,  350;  construction  and  workir^ 
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351  ;  time  occupied  in  raising 

rering    the    frames    of,    351  ; 

and    lighted    by    electricity, 

iii«  Bridge,  175,  178-179; 
,  founded  on  cribwork  filled 
ncrete,  67 ;  constructed  with 
>us  girders  and  balanced  canti- 
174,  175  ;  elevation  of,  175  ; 
tt  spans  of,  erected  by  building 
;  description  of,  178-179 

of  Flood!  on  Siyen,  data  and 
ions  needed  for,  328  ;  instances 
ion  of  system  of,  328-329 

of  CoMtf,  504-508  ;  different 
f,  504 ;  objects  of  groynes  for, 
cription  of  groynes  for,  between 

and  Shoreham,  504-505,  at 
berghe,  505-50(3 ;  effect  of 
ters  at  Madras  and  Port  Said 
lore,  506 ;  denudation  of  beach 
:hurch  owing  to  arrest  of  drift 
geness,  506 ;  raising  of  beach 
:hurch  by  groynes,  506  ;  causes 

efficiency  of  groynes  for,  506- 
ctions  of  sea  banks  and  walls 
;  pitched  sea  banks  at  Ostend 
-508 ;  different  types  of  sea 
:,  at  Hove,  Margate,  and  Scar- 
,  507,  508 ;  relative  merits  of 

stepped,  and  curved  batters 
rails  for,  508 

in  of  Sewage,  by  settlement 
cipitation  of  sludge,   556  ;  at 

outfalls  by  precipitation  by 
Is  before  discharging  efHuent 
ames,  557 ;  by  irrigation  on 
57-559*  565  ;  ^y  clarifying 
by  chemical  precipitation,  559- 
y  electrolysis,  560-561  ;  by 
ig  sludge  by  settlement  and 
ition   in   tanks,  from  effluent, 

;     by    promoting    action     of 
in  septic  tanks  or  by  upward 
I,  564-565  ;   prospects  of  bac- 
ocess  for,  566 

m  of  Water,  336-340 ;  im- 
found  in  water,  536  ;  necessity 
I  rivers,  537  ;  leaping  weirs  for 
g  turbid  flood- waters  from 
^>  537  f  ^y  subsidence  in 
reservoirs  or  tanks,  537  ;  from 
matters  by  strainers  at  intake, 
>m  finer  particles  by  filtration, 

;  by  introducing  iron  into  the 

medium,  538 ;  by  passing 
•ings  through  the  water,  538  ; 
produced  in  the  water  by  iron, 
uses  of,  from  organic  matter  by 
with  iron,  539  ;  from  hardness 


by  lime  water,  539 ;  causes  'of  the 
variation  of  the  impurities  in  water, 
540 


Qoayi,  alongside  rivers,  as  at  Glasgow, 
Antwerp,  and  Rouen,  440 ;  ample 
depth  in  front  of,  at  Antwerp,  Dubhn, 
Rouen,  and  Southampton,  444-445  ; 
arrangement  of,  at  Southampton, 
445  ;  accessibility  and  exposure  of,  on 
rivers,  445-446 ;  on  superstructures 
and  upright-wall  breakwaters,  476, 
478,  479,  484 

Quay  Walli,  founded  on  wells,  65  ;  at 
Plantation  Quay  on  the  Clyde,  67, 
441 ;  founded  in  the  Scheldt  at  Antwerp 
on  caissons  by  aid  of  compressed  air, 
75-76, 440-441 ;  founded  on  piles,  rest- 
ing on  chalk  at  Rouen,  and  embedded 
in  rubble  alongside  Hudson  River  at 
New  York,  441 ;  cost  of,  at  Rouen,  441, 
New  York,  442  ;  alongside  Liffey  at 
Dublin,  founded  on  large  blocks  de- 
posited by  floating  derrick,  442  ;  along- 
side Tagus  at  Lisbon  founded  on  piers 
supporting  girders  spanning  intervals 
above,  442 ;  alongside  Garonne  at 
Bordeaux  on  piers  connected  by  arches 
above,  442 ;  piers  of,  founded  on 
caissons  by  aid  of  compressed  air,  442- 
443  ;  formed  of  concrete  blocks  round 
basins  at  Marseilles  and  Trieste,  442, 
443  ;  of  masonry  founded  on  rocky 
bottom  at  Marseilles  by  aid  of  com- 
pressed air,  443  ;  formed  of  concrete 
blocks  laid  by  crane  in  sloping  rows  in 
Mormugao  Harbour,  442,  443-444 ; 
comparison  of  methods  of  constructing, 
444 ;  precautions  needed  in  backing 
up  behind,  444  ;  good  depth  required 
in  front  of,  444.     See  also  DocJ^  IValls 

Queensland,  strength  of  timber  from,  1 1 

Queensland  Railways,  gauge  of,  245 ; 
cost  of,  265  ;  cost  of,  reduced  by  narrow 
gauge  adopted  for,  265 


R 


Rack  Railways,  274-286  ;  for  surmount- 
ing steep  inclines,  273  ;  with  ladder  or 
Riggenbach  rack,  274-277  ;  with 
double  side-rack,  277-278  ;  ^^^th  Tel- 
fener  rack,  278-279  ;  with  Strub  rack, 
279-280 ;  with  Abt  rack,  280-282  ; 
to  connect  ordinary  railways  by  a  steep 
incline,     282-284;      combined     with 
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traction  by  adhesion  for  extension  of 
railways  to  rugged  districts,  2&4-286 ; 
advantages  of,  300 

Bail!  for  Bailwayi,  251-255;  different 
forms  of,  251  ;  form  and  object  of 
double-headed,  249,  251-252  ;  bridge, 
with  longitudinal  sleepers,  252 ;  ad- 
vantages of  flat-lK)ttomed  or  flange, 
252  ;  ]>u  11- headed,  in  place  of  double- 
headed,  252-253 ;  adoption  of  steel 
for,  253  ;  increased  weight  of,  253  ; 
fastenings  for,  described,  253-254 ; 
inward  cant  given  to,  254  ;  connection 
of,  with  fish-plates  and  fish-bolts,  254  ; 
allowances  between  ends  of,  for  changes 
in  temperature,  254  ;  elevation  of  outer, 
round  sharp  curves,  255  ;  object  of 
guard  or  check,  on  sharp  curves,  255  ; 
gradual  increase  of  curvature  of,  ad- 
visable on  sharp  curves,  255 

Bails  for  Tramways,  302-305  ;  various 
forms  of,  302-303 ;  advantages  and 
defects  of  stepped,  304  ;  general*  use  of 
grooved,  in  Europe  and  Canada,  304  ; 
merits  and  defects  of  ordinary  flat- 
bottomed,  304 ;  range  in  weights  of  flat- 
bottome<l  grooved,  304 ;  resistance  to 
traction  on  grooved,  in  Europe,  and 
stepped,  in  L  nited  States,  305 

Hallways,  101-119,  225-300;  compared 
with  roads,  loi  :  preliminary'  considera- 
tions for,  101-102  ;  surveys  and  trial 
levels  for,  102-104 ;  ruling  gradients 
for,  with  examples,  104-105  ;  ]o<»ps, 
spirals,  and  limiting  curves  on  various, 
106-107  ;  compensation  of  gradients 
on,  for  curvature,  107  ;  switchbacks 
on,  107-108  ;  laying  out,  108  ;  setting 
out  centre  line  and  curves  for,  108-109  ; 
adjustment  of  cuttings  and  embankments 
in  forming,  109-111  ;  side  cuttings  on 
slojiing  ground  for  forming.  III  ;  for-  ; 
mation  width  and  side  slopes  for,  III- 
112;  calculations  of  earthwork  for, 
112-115;  fencing  on,  115;  provisions 
against,  and  causes  of  slips  on  side 
slopes  of,  1 1 5-1 17  ;  instances  of  con- 
struction of,  facilitated  by  stcej) 
gradients  and  sharp  curves,  and  use  of 
limber  trestles,  1 17-1 18  ;  culverts  under 
enibanknieiit-i  of,  livS-119;  instances 
of,  in  large  cities,  225  ;  underground, 
226-235  5  overhead, 235-242 ;  widening, 
242-243 ;  permanent  way  lor,  244-245  ; 
gauges  adopted  for,  245-246  ;  ballast 
for,  247  ;  sleepers  for,  247-251  ;  rails 
and  fastenings  for,  251-254  :  provisions 
for  safety  on  curves  of,  254-255  ;  junc- 
tions on,  254-258  ;  intermediate  and  , 
terminal   stations  on,   258-260 ;    con-   • 


ditions,  gauges,  and  laying  out  of  light, 
261-264  ;  cost  of  ordinary,  and  light. 
compared,  264-266 ;  light,  in  United 
Kingdom,  266-267,  in  Belgium,  269- 
270,  in  India,  270-271  ;  length  of,  of 
various  gauges  in  United  Kingdom, 
267  ;  mono-rail,  on  trestles,  267-268 : 
elevated  mono-rail,  with  suspended 
cars,  268-269 ;  extent  and  progress  of, 
in  the  world,  271  ;  steepest  gradienb 
on,  surmounted  by  adhesion  of  loav 
motives,  272-273  ;  systems  adopted  for 
ascending  steep  inclines  of,  273 ;  central 
rail  on  steep  inclines  of,  273-274; 
racks  with  cog-wheel  on  locomotives 
for  mountain,  274-282,  300 ;  racb 
combined  with  adhesion  for  extending, 
in  mountainous  districts,  282-286,  300; 
cable  traction  on  steep  inclines  of,  287- 
289  ;  cable,  for  ascending  mountaia< 
and  clifis,  290-298,  299 ;  suburhao 
cable,  298-299  ;  peculiar  seashore  rail- 
way, 3i9r320  ;  similarity  of  works  for 
inland  canals  to  works  for,  384; 
circuitous  course  of  canals  contrasted 
with,  384-385  ;  competition  of  canals 
with,  over  long  stretches  of  flat  coontr)-. 
and  for  bulky  goods,  385  ;  ship-railway 
at  Chignecto,  395.  See  also  PerwtantHt 
IVay,  Ught  Railways^  Mo^tntcdn  Kail- 
ways,  and  CabU  Railways 

Tjainmll,  data  with  regard  to,  required  in 
designing  works,  29  ;  yearly  average, 
at  Cherrapunji,  325  ;  in  different  paft> 
of  the  Seine  basin,  326  ;  collected  in 
tanks  for  irrigation  and  water-supply. 
420,  512  ;  source  of  water-supply,  511 ; 
over  area  draining  into  Thirlmerc 
518  ;  data  regarding,  necessary  in  de- 
signing storage  reservoirs,  518-519; 
on  gathering  ground  of  new  Croion 
reservoir,  and  of  Vymwy  reservoir,  527 ; 
separation  of,  from  sewage,  554 

Beolamation  of  Land,  499-504  ;  changes 
leading  to,  499  ;  carried  out  in  early 
times,  499-500 ;  promotion  of,  in 
estuaries  by  favouring  accretion,  500 ; 
instances  of  early,  500  ;  recent  ex- 
amples of,  in  estuaries,  assisted  by 
traming  and  other  works,  500-501 : 
cross  sections  of  embankments  for,  in 
Tees  estuary  and  the  Wash,  501 : 
from  seacoast  by  embankments,  as 
carried  out  at  Dymchurch  and  in  Hol- 
land, 501-502 ;  methods  of  closing 
embankments  for,  502  ;  cross  sectiiMb 
of  Dymchurch  Wall  and  Dutch  sea 
embankment,  502  ;  arrangements  for 
closing  breaches  in  embamunents  for* 
502-503  ;  drainage  of  reclaimed  lands 
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by    gravitation    and    pumping,    503- 

504 
B«flr^ation  of  Biyers,   333-337  ;    372- 
377  »  ^y  removing  hard  shoals,  333- 
334 »  ^y  protecting  concave  bank  at 
bends,  and  narrowing  channel  at  cross- 
ings, 334  ;  best  suited  for  large  rivers, 
334  f  1^  dykes,  as  shown  on  plans  of 
Khone  and  Niemen,  334-336  ;  mode- 
rate increase  of  depth  effected  by,  336- 
337  ;  for  tidal   rivers  at  sharp  bends 
and  wide  reaches,  372 ;  proposed  for 
^'orst  bends  and  crossings  of  tne  Hugli, 
373-374  ;  systematic,   exemplified   by 
Maas,  Nervion,  and  Weser,  374-377  ; 
tidal  influx  and  efflux  facilitated  by, 
375  ;  rate  of  enlargement  of  regulated 
channels  seawards,  375,  377 
BeMryoir  Dami,  420-425,  ^20-529;  for 
retaining  flow  in  mountain  valleys  for 
irrigation,  420-421  ;   position  of   dis- 
charge conduit  with  regard   to,   421, 
528-529  ;  constructed   in  province  of 
Bombay  for  irrigation,  421  ;  conditions 
requisite  for  earthen,  and  for  masonry, 
421,    520 ;    description    of    concrete 
across  the   Periyar  valley  for  irriga- 
tion,   421-422 ;    provisions  and    pre- 
cautions   necessary     in    constructing 
masonry,  422-423  ;  description  of  As- 
suau  masonry,  for  storing  up  flow  of 
Nile  for  summer  irrigation,  422,  423  ; 
sluices  provided  in,  at  Assuan,  for  dis- 
cbarge of  Nile  floods,  422,  423  ;  re- 
duction in  height  of,  at  Assuan  to  pre- 
serve temple  of  Phila.*,  424 ;  prospect 
of  silting  resulting  from,  at  Assuan  in 
Nile  valley  above,  425  ;  height  suitable 
for  earthen,    520,     522 ;     first    high 
masonry,  constructed  of  correct  section, 
520 ;  height  of  earthen,  fonning  reser- 
voirs   in    steps     down     Longdendale 
valley,  520 ;   heights  cf  concrete,  in 
Elan     and    Claerwcn    valleys,    520  ; 
\'alue  of  height  of,  in  regard  to  storage 
illustrated  by  Gileppe  dam,  521 
EariAtn^    521-523 ;    suitable    widths 
and  slopes  for,  521  ;  section  of,  521  ; 
central  puddle  or  concrete  wall  for, 
521  ;  distribution    of  materials  in, 
521-522  ;  raised  above  highest  water- 
level    or   waves   in    reserNoir,  522  ; 
method  of  constructing,  522  ;  ordi- 
nary limit  of  height  for,  522 ;  sec- 
tion and  description  of  new  Croion, 
connected     by    central    wall     with 
masonry    dam,   522'-523 ;    arrange- 
ment of  materials  for,  in  India  in 
absence  of  puddle,  523  ;   mass  of, 
adequate  to  resist  water-pressure,  523 


Masonry,  523-527  ;  thickness  of,  j^ro- 
portioned  to  pressures  on,  at  different 
depths,  523-524 ;  method  of  finding 
lines  of  resultant  pressures  in,  with 
reservoir  empty  and  full,  524-525  ; 
distribution  of  pressures  across,  with 
reservoir    empty     and     full,    525 ; 
thickness  of,  determined  by  condi- 
tions of  stability,  525-526  ;  rational 
form  of,  exemplified  by  cross  section 
of    Furens,    526 ;    width     of,     to- 
wards base  dependent  on  safe  pre- 
sure  on  the  masonry,   526  ;  actual 
height  of,  governed  by  depth  of  firm 
rock  below   the  ground-level,  526 ; 
Furens,  new  Croton,  and  Vyrnw)', 
examples  of,  526-527 
Beservoirs,   518-520  ;   formed   by  dams 
across  mountain  valleys,  420-421, 518  ; 
area  and  depth  of  Periyar,  42 1  ;  capa- 
city of,  at    Assuan,   423  ;    conditions 
requisite  for  forming,  518  ;  data  about 
rainfall  needed  for  designing,  518-519  ; 
number  of  daj-s*  storage  to  be  provided 
by,    519 ;   days'    storage    provided  at 
L(x:h   Katrine    and  Thirlmere,   519 ; 
compensation  water    stored    in,   519  ; 
floods  reduced  and  flow  regulate<l  by, 
in   river   below,    519-520  ;   area   and 
capacity  of  series  of,  in  Longdendale 
valley,  520  ;  capacity  of  lower  Furens, 
520 ;  storage,  daily  supply,  and  com- 
pensation water  to  be  furnished  by  six, 
in   Klan  and  Claerwcn  valleys,   520  ; 
capacity  and  area  of  gathering  ground 
of  new  Croton,  527  ;  capacity  and  areas 
of   surface   and   gathering  ground   of 
Vyrnwy,  527  ;  daily  supj)ly  and  com- 
jiensation  water  furnished  by  Vyrnwy, 
527  ;     formed     by    embankments    at 
Hampton  ami   Staines   for  storing  up 
flood -waters  from  Thames,  536 
Betaining  Walls,  at    sides  of  cuttings, 
228  ;  in  deej)  cutting  with  struts  across 
for  suj)j)orl,  22S  ;  at  sides  of  cuttings 
and  embankments   for  widening  rail- 
ways,   243  ;    precautions    required  in 
constructing,  against  slopes  10  ensure 
stability,  243 
Bhine    River,   irregular    depth    of,    in 
winding   course,    333 ;    regulation  of, 
below  Strassburg,  336 
Bhone  Biver,  uniformity  of  flow  of,  and 
its   cause,    334 ;    regulated   by    dykes 
l>elow  Lyons,  335-336  ;  proportion  of 
alluvium  to   discharge  of,    363 ;   em- 
bankment of  east  outlet  of,  and  closure 
of  the  other  outlets,  363-364  ;  effect  of 
works  on  bar  of,  364  ;  acceleration  of 
advance  of  delta  in  front  of  east  outlet 
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of.  564 :  azat  :f  £&ilne  of  vorks  zz 

rr.-onih.  of.   364  :    ocoiJractioii  cf   Sc 

3^  ;  ii>:-re  faroonhle  vhrme  for  i&- 
creakn^  decti  over  bar  d,  tadkatcd. 
364  :  dqxxsi:  of  silt  from  Upper,  ri 
Likf  ."f  GcTjcra-  518 

XikUe  BiTer.  inscirx«  d  river  ^^>tfw*i?ig 
into  lar^c  sarrij  escxury.  378  :  rhn-.'y-' 
in  estuary  of.  mtssable  ai>l  shxHov 
beloT  traJrin^  wails.  379  ;  ezteastoa  of 
sandbar.k^  in  octer  e«C3UT  of.  rcsalrxiig 
from  training  work>.  3S2 ;  reciana5«jcs 
in  j<rogTe56  ir.  eszour  of.  promoced  bj 
training  works,  3S3,  500 

Hifkwgnl  Weir.  exami>ie  of  hAlf-tkie 
draw -door  weir  s'.idizig  on  free  roUers. 
344.  345  :  description  of,  ^$'54^  - 
time  occupied  in  raising  oxm:er  - 
t«]anced  draw -doors.  346 

SiavUka  laeliae,  dcscripdon  and  work- 
in:;  of,  with  central  rail,  274  :  saving 
dtected  in  cost  of  raiiwaj  by  adopcii^. 

274 

BiTer  Bftsins,  areas  of.  Amazon,  Nile, 
Obi,  an'l  Volga,  325 

BiTen.  325-383:  'ra.>in>  of,  32S:  ft:w 
of,  dependent  :»n  rainfall,  325-326: 
fjerifjds  of  low  and  high  stages  of. 
326  :  influence  of  strata  and  forests  on 
flo*-yls  of,  32^-327  ;  fall  of,  327  :  de- 
tritus carriri  d'>'.vr.  fr  r.\  hills  bv.  ^27  : 
influence  of  lako  n.  327  :  channel  of. 
327-  ^2S :  y^r.od  r^r-d  cttects  of  floods 
of,  ;2S :  .^arr.ir.g-  ■  ffl>-:  rise  of.  32S- 
32'^*  ;  affor'-.s'.ir.g  n-.r-r.!ain  sloie>  I'-jr 
rf2:ul:i:;r.j;  fl.w  of.  329:  .inest  of  de- 
tritu-  ir.,  329  :  r'::..-\.i'.  of  Mlistroctions 
from  1^  f.  329-330  :  en'.aTj^ement  of 
cr.ar.r.c!  of,  and  :<.:ra:j^-h!  cuts  on,  530 ; 
f  m:  ar.kir.u',  330-332  :  rai>inj;  bed  of, 
■  y  tm:-»ar.kin:;.  332;  defective  natnral 
condition  f-':.  333  :  removal  of  hard 
-hoah  ff  .m  :  erl  «.f.  333-334:  improve- 
ii;f:n*.  of  char.n^r!  of,  at  f^nd^.  334  ; 
r*:'u!ation  <■(  «.:.anr.el  of.  :v  dvkes, 
3>4-330  ;  ^^''-neral  effect^  'f  re;^]alini,', 
336-337  ;  canalization  of,  hy  locks, 
33^342.  ar..i  Acirs  S^^.  342-357  : 
c  -nditi'-r.  of,  on  approaching  outlet. 
35^;  C'-ntra-t  b».f.veen  tidelcss  and 
•:':al.  35^-359  :  ;ef.i<.>  f«r.r  improvini; 
"■.;:l*:t'.  nf.  obstfjctc-d  by  .Irift,  359- 
361  ;  d»l:ai:  outlets  of.  obstructed  by 
a  bar,  361-362  :  c^-nditioRS  affecting 
advance  of  «ie.ta  "f  tideless,  362-363  : 
proportions  of  alluvium  to  discharge 
in  deltaic,  363  :  works  for  deepening 
deltaic  outlets  of  tidele^s,  with  ex- 
amples,   363-367  ;    coY\d\\\oi\s    \ivUo- 


br    irJjT    flov    su    ^oS"]/^'. 
ri»fti^*7.i>.  sad  ptogteas  oi  tidal  flov  in. 

370 :  rcswval  of  obstacles  to  tida! 
«?•  570-371  i  dredging  for 
jjiOioTeBfc'nr  of  tsiaiL  371-372  :  regs- 
]x:3oa  ami  naTTifng  of  rirfil  372-377 : 
pr>ticdio«t  of  ovclet  of  tidaL  by  farcik- 
^*=«5.  377-37S  ;  training  w»xks 
throcg^  sozadr  estsaries  '■>(  ddal,  37S- 
3S1  :  accRtsoo  in  esnaries  cf  tidil, 
Rsolring  from  aarr.'ng  works,  3S1- 
5S3:  adrxaiiages  aai  lisaxtadons  of 
rr-aw;^  wotks  in  esciuxies  of  ddil. 
333  :  water  for  irrigaiion  drawn  frccc, 
425-426 ;  irrigarioa  canals  deiinng 
thexr  npp>  drom*  426-436  :  onvciiicnt 
sovroe  for  waser-scpply.  512.  515-516. 

also  KigMLg£ifn  tf  Rrrer:,  Csfua- 
if  Rkxtt^  ICears.  TUr^j:  Hiven^ 
and  Tii*I  Rkxrs 

r.  profwrnocs  of  alinvinm  in 
d^taic,  563:  conrenient  source  for 
watcr-sipjfjy,  515 :  tnrbid  in  flood- 
time.  asd  sobjcct  to  pclhition.  515: 
means  of  pviMng,  515,  557-539; 
purest,  obcamed  from  moimtain  streams* 
516,  537 :  incgvlar  flow  and  remote* 
ness  of.  in  momtain  streams,  316: 
London.  Calcstta,  and  Paris  instances 
of  cafHtals  sapplied  by.  516:  imparities 
foond  in.  516.  55^ 

Si -85  :  straight,  made  by  Romans. 
Si  ;  moierr.  methods  o(  laying  out.  Sl- 

52  :  gradient  ^:\.  Si  :  formation  oi, 
S2-S3  :  arrar.gesnents  for  mountain, 
^3  J  provisi  ns  for  consoiidatior.  of. 
over   Sk^ft  gronnd.    S3  :    metalling  of. 

53  :  rolling  of  metalled.  S3-S4  :  main- 
tenance of  metai.ed.  S4-S5  :  provisions 
for  keeping,  dry.  S5  :  repairs  oi,  S5 

Boekefort  Doeki'.  walls  «.tf  K^unded  on 
wells,  65  :  influx  of  silt  in  sinking 
wells  at,  66  ;  section  and  descripti'n 
of  well  for  walls  oU  sunk  by  aid  oi 
compressed  air,  77-7S 

Soekester,  U.S.  Snspensioii  Bridge, 
recently  constructed  stiffened  r*TC. 
150-151  :  cost  of,  151  :  spans  of,  151 : 
peculiar    arrangements    lor    stiffening. 

Bock-blasting  BiTing-bell,  50-51 :  c'<xi 
fi  »r  removing  rock  under  water  in  Krcs 
and  Cherbourg  harbours,  50 ;  section, 
description  of,  and  mode  of  working, 

50-51 
Boek-breaking  Bami,  51-52  :  useii  tor 
shattering  rock  under  water  at  >oc2 
Canal  and  Iron  Gates  of  Danube,  51  • 
drawing  of,  with  barge,  51  ;  mode  of 
wt>rking,  and  efficiency  of,  52 


BOCK  EXCAVATION.        609  ST.  MART'S  FAIiLS  CANAIi. 


Boek  Ezcavatioii,  drilling  and  blasting 
for,  39740, 210,  211, 215, 217  ;  methods 
of  drilling  and  blasting  for,  under  water, 
50-51  ;  by  driving  a  network  of  sub- 
aqueous  galleries  and  shattering  roof 
and  {>illars  br  large  blast,  51  ;  by 
pounding  with  rock-breaking  rams, 
51-52 

Sothom  Bailway,  length,  rise,  ruling 
gradient,  and  gauge  of,  280 ;  laid 
with  steel  sleepers  and  double  Abt 
rack,  280 ;  sharpest  curves  on,  281  ; 
cost  of,  281  ;  train-load  carried  up, 
281 

Soum  Quays,  connected  across  Seine  by 
means  of  transporter  bridge,  321  ;  along 
banks  of  Seine,  440  ;  section  and  de- 
scription of,  441  ;  cost  of,  441  ;  timber 
wharves  being  replaced  by,  444 ; 
adequate  depth  alongside,  provided 
for  vessels,  445 

Efldethdm-Kiederwald  Bailway,  laid 
with  ladder-rack,  276  ;  worst  gradients 
and  curves  on,  276  ;  gauge  and  sleepers 
of,  276  ;  train-load  carried  up,  277 

Bvl^  Gradient,  104-105  ;  definition  of, 
104  ;  importance  of,  104-105  ;  on 
various  railways  in  mountainous  dis- 
tricts,  105,  272  ;  limit  of,  for  ascending 
with  locomotives  by  adhesion,  105, 
275  ;  suitable,  under  ordinary  condi- 
tions in  hilly  country,  105  ;  on  various 
mountain  railways,  273-286  ;  on  San 
Paulo  Railway,  288 

BoMian  Bailwayi,  object  of  special 
gauge  of,  245  ;  cost  of,  264 


S 


Safoty  Applianeei  on  Bailways,  super- 
elevation of  outer  rail  on  curves,  255  ; 
guard  or  check  rail  inside  inner  rail  on 
curves  and  at  crossings,  255,  257,  259  ; 
gradual  increase  of  curvature  on  enter- 
ing sharp  curves,  255  ;  adoption  of 
pivoted  bogies,  255  ;  inter-lockinj;  of 
switches  with  signals  at  junctions,  256  : 
rising  rail  to  prevent  splitting  of  train 
at  switches,  256  ;  branch  line  carric<l 
under  main  line,  257-258  ;  on  Vitznau- 
Ri^  Railway,  275-276  ;  on  Pilatus 
Railway,  278 ;  on  St.  Ellero-Saltino 
Railway,  279  ;  on  cable  incline  of  San 
Paulo  Railway,  289  ;  racks  laid  on 
cable  railways  to  control  the  motion, 
291,  293-296,  299  ;  hydraulic  brake 
on  Clifton  Cliff  Railway,  297 

St.  Clair  Tunnel,  222  ;  for  connecting 
railways,   222  ;  length   of,    222  ;  con- 


structed by  shield  and  tube,  222 ; 
diameter  and  lining  of,  222 

St.  Denis  Canal,  recently  enlarged  for 
increasing  traffic,  385  ;  lifts  of  new 
locks  on,  391  ;  contrivance  for  reducing 
height  of  lower  gate  in  lock  of  excep- 
tional lift  on,  391 

St.  Sllero-Saltino  Bailway.  278-279 ; 
laid  with  Telfener  rack,  278 ;  descrip- 
tion of,  and  of  rack,  278-279  ;  rack 
of,  compared  with  Riggenbach  and 
Abt  racks,  279 ;  cost  of,  279  ;  speed 
of  trains  on,  279 

St.  Gtothard  Bailway,  ruling  gradient  of, 
105  ;  loops  and  spirals  on,  106  ;  sharpest 
ciurves  on,  106  ;  higher  at  entrances  to 
tunnel  than  Simplon  Railway,  213  ; 
route  by,  to  Brindisi  intermediate  in 
length  between  Mont  Cenis  and 
Simplon  lines,  213 

St  Gtothard  Tnnnel,  toj)  heading  adopted 
at,  196,  208  ;  cross  sections  of,  showing 
heading,  successive  enlargements,  and 
lining  of  tunnel,  202  ;  length,  height  of, 
above  sea-level,  and  depth  of,  below 
surface,  207  ;  maximum  heat  in  head- 
ings of,  207  ;  gradients  in,  207  ;  diver- 
gence at  junction  of  headings  of,  208  ; 
ejects  of  heat  and  imixirfect  ventilation 
of,  during  construction,  209  ;  condition 
and  nature  of  strata  traversed  by,  210  ; 
rate  of  progress  of  headings  of,  21 1  ; 
cost  of,  211  ;  cooling  of  rock  in,  after 
completion,  212  ;  natural  ventilation 
of,  inadequate  with  increased  traffic, 
212-213  :  method  of  ventilating,  213 

St.  npiie  Suspension  Bridge,  143  ;  span 
of,  143  ;  elevation  of,  143 ;  partly 
supported  by  auxiliary  cables,  143  ; 
width  and  cost  of,  143 

St.  Lawrence  Biver.  flow  of,  regulated 
by  Great  Lakes,  327  ;  expanding  into 
large  estuary  with  ample  depth  up  to 
Quebec,  378  ;  made  accessible  for  large 
vessels  up  \o  Montreal  by  dredging, 
378  ;  connected  by  canals  and  Great 
Lakes  with  Mississippi,  385 

St.  Louis  Bridge,  132  :  piers  of,  foundeil 
on  caissons  sunk  by  compressed  air,  76  ; 
description  of,  1 30-1 3 1  :  cost  of,  131  ; 
elevation  of,  132  ;  fixed  at  springings, 
135  :  erection  of,  135,  136 

St.  Louis  Canal,  providing  outlet  for 
Rhone  away  from  the  bar,  364,  417  ; 
shut  oflf  from  turbid  waters  of  Rhone 
by  a  lock,  364,  417  ;  description   of, 

417 
St.  Mary^s  Falls  Canal,    recently  en- 
larged for  increasing  traffic,  385  ;  con- 
necting lAkei>  Huron  and   Superior, 

3   R 
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391 ;  dimensions  of  lock  on,  391  ;  lift 
of  lock  00,  391 

St.  Vaiaire  fioeki,  walb  of  Penhouet 
dock  of,  founded  on  wells,  65,  452 ; 
wells  for  walls  of,  sunk  on  sloping 
rock,  65,  66  ;  training  walls  stopped 
in  upper  estuary  of  Loire  to  avoid 
shoaling  approach  to,  382  ;  wooden  and 
iron  gates  used  at,  462  ;  iron  preferred 
for  recent  gates  at,  463 ;  muddy  tidal 
water  partially  excluded  from,  by  re- 
verse gates,  46S ;  rate  of  deposit  of 
silt  in,  468 

Salmon  Biyer  Bridge,  132 ;  elevation  of, 
132  ;  depth  of  arch  of,  increased  from 
centre  to  springings,    133  ;   cost  of, 

133 

SaltMh  Bridge,  160 ;  adoption  of 
wrought  iron  for,  25  ;  descnption  of, 
158-159;  elevation  of,  160;  weight 
of  one  span  of,  163  ;  erection  of,  by 
floating  out  and  raising  girders,  166- 
167 

Salibnrg-iHueberg  Bailway,  laid  with 
ladder-rack,  276  ;  worst  gradients  and 
curves  on,  276 ;  gauge  and  sleepers 
of,  276  ;  cost  of,  277 

Sand-Dam,  404 ;  section  of,  on  Baltic 
Canal,  404  ;  for  forming  side  banks  of 
Baltic  Canal  across  marshes,  404,  405  ; 
slopes  formed  in,  404,  405 

Sand-pump  Bredgen,  46-49  ;  description 
of,  and  method  of  working,  46,  48 ; 
longitudinal  section  of,  used  on  Mersey 
bar,  47  ;  increased  efficiency  of,  with 
cutters  or  with  water-jets,  48,  49 ; 
capacity  of,  for  raising  sand  from 
Mersey  bar,  48-49 ;  capabilities  of, 
furnished  with  cutters  in  Mississippi, 
49  ;  result  of  comparative  trials  of, 
with  cutters  and  water-jets  in  Missis- 
sippi, 49  ;  efficiency  and  economy  of, 
in  sand,  49-50  ;  use  of,  extended  to 
silt  and  clay  by  addition  of  cutters  or 
water-jets,  50 

Sandstones,  12-13;  composition  of,  12- 
13  ;  variations  in  quality  of,  13  ;  uses 
of",  13  ;  compressive  strength  of,  13  ; 
absorptivity  of,  13 

San  Paulo  Railway  Cable  Incline,  288- 
289  ;  gradient,  rise,  length,  and  gauge 
of,  288  ;  route  and  length  of  line  lead- 
ing to,  288 ;  ruling  gradient  and 
curves  of  line,  starting  from  top  of, 
288  ;  laid  out  in  sections,  and  curves 
on,  288 ;  description  of  method  of 
conveying  trains  on,  288-289  '*  con- 
struction of  cable  for  working,  289  ; 
capacity  of,  for  traffic,  289  ;  methods  of 
controlling  trains  on,  by  brakes,  289 


Sadne  Biver,  frame  weir  on,  at  Lyons, 
closed  by  panels,  349  ;  large  shutter 
weir  across  navigable  pass  of,  at  Lyons, 
353-;  connected  with  Loire  by  Canal 
du  Centre,  390 

Sanlt-Sainte-Marie  Canal,  recently  con- 
structed for  increasing  traffic,  385  ;  to 
avoid  rapids  of  St.  Mary  River  be- 
tween Lkkes  Huron  and  Superior, 
387  ;  dimensions  of,  387  ;  dimensions 
of  lock  on,  391 ;  lift  of  lock  on,  391 

Searborongli  Sea  Wall,  507  ;  section  of, 
507 ;  forming  drive  and  protecting 
cliff,  508  ;  apron  added  \n  front  of 
curved  batter  to  protect  toe  of,  from 
erosion,  508 

Sehafberg  Bailway,  laid  with  Abt  rack, 
282 ;  length,  gauge,  and  worst  gra- 
dients and  curves  of,  282 

Schedule  of  Pricei,  appended  to  specifi- 
cation, 32  ;  lump-sum  contract  based 
on,  33  ;  payments  made  in  accordance 
with,  34 

Scbynige-Platte  Bailway,  laid  with 
ladder-rack,  276 ;  length,  rise,  ruling 
gradient,  gauge,  and  sleepers  of,  276 ; 
cost  of,  277, 

Seience,  relation  of,  to  civil  engineering, 
4;  various  branches  of,  applied  iy 
civil  engineering,  4-7  ;  importance  of 
knowledge  of,  to  civil  engmeers,  7-S. 
See  Mathematics^  Physiology^  Chmii- 
try^  Geology^  and  Meteorology 

Screw-Pile  Ligbtbonses,  495  ;  for  mark- 
ing sandbanks,  68,  495  ;  examples  of, 
on  Maplin  Sands,  Walde  ShcKil,  and 
shoals  along  United  States  coasts,  495 ; 
suitable  for  shoals  in  shallow  water 
and  sheltered,  495 ;  elevation  of 
Walde,  near  Calais,  495 

Screw-Piles,  for  foundations  of  piers  of 
bridges  in  alluvial  river-bed,  68  ;  ad- 
vantages of,  and  method  of  sinking, 
68 ;  for  supporting  lighthouses  on 
sandbanks,  68,  495 

Seaabore  Bailway,  31^320  ;  descrip- 
tion of,  from  Brighton  to  Rottingdean, 
319-320  ;  accommodation  provided  by, 
320  ;  staging  and  elevated  car  travel- 
ling on,  320 ;  propulsion  of  elevated 
car  on,  by  electric  motors,  320 ;  injur)' 
to,  by  storm,  320 ;  cost  of,  320 

Sea  Walli,  507-508  ;  sections  and  de- 
scriptions of  paved  slopes  forming* 
or  sea  banks,  at  Ostend,  507- 
508 ;  sections  of  nearly  upright,  at 
Hove,  Margate,  and  Scarborough, 
507  ;  objects  of  upright,  508 ;  re- 
spective effects  on  waves  of  nearly 
vertical,   stepped,   and  curved  baiter 
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for,  50S  ;  protection  needed  at  toe  of, 
against  erosion,  508 
fl«iAe  BiTwr,  378-380,  382-383;  de- 
scription of  transporter  bridge  for 
carrying  suspended  car  across,  at 
Roaen,  321 ;  rainfall  over  basin  of, 
338  ;  prediction  of  floods  in,  328-329  ; 
positions  of  locks  on,  340,  341  ;  dis- 
tance apart  of  locks  on  Lower,  and  on 
Upper,  340  ;  dimensions  of  locks  on 
Lower,  341 ;  locks  at  Suresnes  on 
Lower,  341,  342 ;  section  of  needle 
weir  across  Lower,  348  ;  panel  weir  at 
Snresnes  on  Lower,  348,  349  ;  rolling- 
up  curtain  weir  across  Lower,  at  Port 
\^llez,  348,  349 ;  suspended  frame 
weir  across  Lower,  at  Poses,  350-351 ; 
shutter  weir  across  Upper,  352,  353  ; 
bore  on,  370;  expanding  into  wide 
sandy  estuary,  378 ;  deepening  of  navi- 
^ble  channel  of,  through  estuary  by 
training  works,  378-379 ;  construction 
of  training  walls  in  estuary  of,  379, 
380  ;  unstable  condition  of  channel  of, 
in  estuary  beyond  the  training  walls, 
379;  inadequate  increase  in  width 
originally  given  to  trained  channel  of, 
379-381  ;  plan  and  longitudinal  sec- 
tion along  channel  in  estuary  of,  380  ; 
accretion  and  reclamations  resulting 
from  training  works  in  estuary  of,  381- 
382  ;  training  works  formerly  stopped 
near  Berville  to  avoid  shoaling  the 
approach  to  port  of  Havre  alongside 
•estuary  of,  382  ;  extension  of  training 
works  in  progress  in  estuary  of,  with 
rapid  enlargement  seawards,  380,  382- 
383 ;  boat  buoys  lighting  channel 
dirough  estuary  of,  498  ;  water-supply 
of  Paris  formerly  drawn  from,  516  ; 
water  from,  now  only  used  for  munici- 
pal purposes  in  Paris,  516 ;  purer 
domestic  supply  for  Paris  obtained 
from  upper  tnbutaries  of,  516;  lands 
bordermg,  irrigated  by  Paris  sewage 
before  the  effluent  passes  into,  548- 

55* 
ihmauuisLg  Bailway,  sharpest  curves  on, 

106 ;  cross  section  showing  central 
core  left  in  for  constructing  Wolfsberg 
Tunnel  on,  197 
Jorriee  Beteryoirs,  535-536 ;  suitable 
positions  for,  535  ;  high-level  and  low- 
level,  for  districts  at  different  eleva- 
tions, 535-536  ;  advantages  of  cover- 
ing, 536 ;  methods  of  constructing, 
and  objects  of,  536 ;  daily  periods  of 
maximum  and  minimum  discharge 
from,  536  ;  storage  expedient  to  be 
provided  by,  536 


SeTem  Siyer,  lock  and  oblique  solid 
weir  on,  343  ;  size  of  tidal  portion  due 
to  tide,  359  ;  bore  on,  370  ;  expanding 
into  large  sandy  estuary  with  good 
depths,  378 

Serern  Tunnel,  215-218 ;  length  of,  215  ; 
construction  of,  215-217 ;  minimum 
depth  of,  below  river-bed,  215,  216  ; 
strata  traversed  by,  215  ;  longitudinal 
and  cross  sections  of,  216  ;  time  occu- 
pied in  driving  headings  forf  2 1 7 ;  flood- 
mg  of  headings  of,  by  large  springs 
and  leak  into,  from  river,  217  ; 
gradients  in,  217  ;  kept  dry  by  drain- 
age heading  and  pumping  in  shafts, 
218;  ventilation  of,  by  fans,  218; 
forming  connecting  link  with  railways 
north  and  south,  218  ;  length  of,  com- 
pared with  other  long  tunnels,  218 

Sewage,  primitive  methods  of  collecting, 
for  disposal  on  land,  544-545  ;  coUectSl 
by  sewers  and  discharged  by  outfall 
sewers,  545-551 ;  lifted  from  low-level 
sewers  by  pumping,  548,  549 ;  raised 
by  an  ejector,  553-554;  separated  from 
rain-water  to  reduce  volume  to  be  dealt 
with,  554  ;  kept  out  of  rivers,  555  ; 
discharged  into  the  sea  away  from  sea- 
side towns,  555-556 ;  purification  of, 
essential  for  inland  towns,  556  ;  pro- 
visions for  discharging  into  tidal  estu- 
aries or  the  sea,  with  examples,  556- 
557  ;  requirements  and  difficulties  of 
irrigating  land  with,  557-558  ;  arrange- 
ments for  broad  irrigation  with,  and 
suitable  crops  for,  558  ;  laying  out  of 
land  for  intermittent  irrigation  with, 
558-559  ;  chemical  treatment  of,  for 
precipitating  solids,  559-560  ;  electro- 
lytic processes  for  purifying,  560-561  ; 
separation  of  solids  of  chemically 
treated,  in  tanks  from  clarified  effluent, 
561-563  ;  treatment  of  sludge  precipi- 
tated from,  563-564  ;  bacterial  purifi- 
cation  of,  564-565  :  results  of  the 
various  methods  of  disposing  of,  565- 
566.  Sec  also  Disposal  of  Sewage^ 
Discharge  of  Sewage  into  Estuaries ^  and 
Discharge  of  Selvage  into  the  Sea 

Sewage  Farmi,  for  Paris  sewage  supplied 
by  Clichy  outfall  sewer,  549-551  ; 
areas  use<i,  and  proposed  to  be  used  as, 
for  Paris,  550  ;  for  restoring  to  the 
land  the  constituents  derived  from  it, 
557  ;  suitable  and  unsuitable  soils  for, 
557-55^  5  disposal  of  sewage  by,  more 
considered  than  crops,  558  ;  methods 
of  irrigating,  558-559;  volumes  of 
sewage  disiwsed  of  on,  of  Berlin  and 
of  Paris,  558  ;  crops  suitable  for,  558 
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Sewen,  545-551 ;  diversion  of,  for  under- 
ground railways,  229,  233  ;  advantages 
of  carrying,  under  streets  and  roads, 

545  ;  materials  employed  in  construc- 
tion of,  545  ;  forms  of,  545,  546  ; 
variable  flow  through,  545-546  ;  ad- 
vantage of  ^g-shaped,  for  small  flows, 

546  ;  circular  form  used  for  main,  546  ; 
peculiar  forms  of,  in  Paris,  546-547  ; 
water-mains  and  wires  carried  inside, 
in  Paris,  547  ;  size  of,  determined  by 
volume  to  be  discharged  and  fall,  547  ; 
in  low-lying  districts,  sewage  raised  by 
pumping  or  ejectors  from  low-level,  to 
nigher  level,  547 ;  objects  of  intercepting 
and  outfall,  547  ;  description  and  sec- 
tion of  London  Northern  outfall,  547- 
548  ;  description,  plan,  and  sections  of 
new  Clichy  collectmg  and  outfall,  548- 

551  ;  removal  of  deposit  from,  by 
hand,  flushing,  and  other  means,  551- 

552  ;  object  and  arrangement  of  storm 
overflows  from,  552  ;  methods  of  ven- 
tilating, 552-553  ;  objects  of  excluding 
rain-water  from,  554 ;  feasibility  of 
adopting  separate  system  of,  in  certain 
cases,  554 

ShafU  for  Tunnels,  192-194 ;  objects 
of,  192-193  ;  construction  of,  193  ; 
forms  of,  193 ;  connection  of,  with 
tunnel,  193-194  ;  sunk  outside  line  of 
tunnel  less  advantageous  than  central, 
194  ;  for  construction  of  Severn  and 
Mersey  tunnels,  215,  and  for  pumping 
and  ventilating  them,  218  ;  for  Chicago 
tunnels,  218-219  ;  for  Thames  Tunnel, 
219 ;  for  Tower  Subway,  220 ;  for 
Blackwall  Tunnel,  216  ;  for  City  and 
South  London  Railway,  230,  232 

Sheet-Piling,  objects  of,  58  ;  method  of 
forming,  58 ;  for  the  construction  of 
cofferdams,  59  ;  foundations  of  dock 
walls  enclosed  within,  452 ;  driven 
under  sills  or  round  foundations  of 
locks,  460 

Shield  for  Tunnelling,  at  Thames  Tun- 
nel, 219  ;  annular,  or  cutter,  for  driving 
Cleveland  Tunnel ,  220  ;  with  tube  for 
Tower  Subway,  220 ;  advantage  of, 
combined  with  tube,  220-221  ;  with 
tube  under  compressed  air  at  Hudson 
Tunnel,  221-222  ;  with  tube  under  St. 
Clair  River,  222  ;  with  tube  and  com- 
pressed air  at  Blackwall  Tunnel,  216, 
222-223 ;  importance  of,  in  water- 
bearing strata,  223  ;  value  of,  in  con- 
junction with  compressed  air,  224  ;  for 
construction  of  low-level  tubular  rail- 
ways, 229-230 ;  used  in  construction 
of  portions  of  Glasgow  District  Rail- 


^Ay>    235  ;    for    constructing    Clichv 
outfall  sewer  under  streets  of  Paris, 
549  ;    used   in   driving    tunnel  under 
Seine  for  Clichy  outfall  sewer,  551 
Ship-Cuudi,    401-418 ;    magnitude   of 
works  for,  and  limitations  as  to  route 
and  differences  of  level,  401  ;  large  ex- 
cavations and  accessory  works  for,  and 
costly  construction  of,  401-402 ;  mini- 
mum   size    suitable    for,    402 ;    cross 
sections  of  the  principal,  402  ;  dimen- 
sions   and   side    slopes    of   the    prin- 
cipal, 402-403 ;  methods  of  excavating, 
dredging,  and   removing   materials  in 
forming,  403-404  ;   protection  of  side 
slopes  against  erosion,  and  adoption  of 
sand-dams  in  forming  slopes  of,  through 
marshes,  404-405  ;  means  of  supplying 
water   to,  with  examples,  405 ;  high- 
level  bridges,   movable    bridges,   ukI 
ferries,   for   crossing,   with    instances 
40^-406 ;  conditions  and  works  of  the 
prmdpal,    described,   comp)ared,   and 
contrasted,  406-410 ;  plans  and  sections 
of   the    Suez    Canal    and   Port  Said 
Harbour,   407  ;    plan  of  Amsterdam 
Canal    with    reclaimed    lands,    40S ; 
longitudinal  section  of  Panama  Canal 
with  locks,  409;  longitudinal  section 
of  Manchester  Canal,  410  ;  descriptions 
of  regulating  and  lift  locks  constrocted 
on,   410-413  ;  plans  and   sections  of 
locks    on    Baltic,  411,    Bruges,   412, 
Manchester,  413  ;  special  features  and 
works  of  the  principal,  summarized, 
413-416;  methods  adopted  for  increas- 
ing  capacity  of,  for  traffic,  416-417; 
lateral,  constructed   alongside   Rhone 
outlet    and    Loire    estuary   to    avoid 
obstructions     to     navigation,      417; 
necessity  of  favourable  conditions  and 
prospects  of  large  traffic  to  justify  the 
construction  of,  417-418 

Ship-Canalf  described,  Amsterdam,  402- 
403*  405»  408-409*  415;  Baltic,  402. 
404-405  ;  408-411,  4I5»  417  ;  Bruges. 
402,  404,  406,  409,  411-412,415,  472, 
478  ;  Corinth,  402,  406,  408  :  Loire 
lateral,  417 ;  Manchester,  402,  405, 
409-410,  412-413,  4l5-4>6  ;  Nicara- 
gua,  405,  409,  410,  414-415  ;  Panami, 
402,  403,  405,  409-410,  414;  St 
Louis,  lateral  to  the  Rhone,  364,  417 : 
Suez,  402-404,  406-408,  413-414, 
417  ;  Temeuzen,  402,  409.  See 
Amsterdam  Canal y  Baltic  Canal^  He. 

Shutter  Wein,  351-354 ;  forms  of,  351 : 
description  of  bear-trap,  351-352; 
bear-trap,  unsuited  for  navigable  passes. 
352-353  ;  section  of,  with  trestfe  and 
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353  ;  description  and  working 
ith  trestle  and  prop,  353-354  ; 
ids  of  regulating  flow  across,  353  ; 
ar  construction  of,  on  Great 
wha  River,  354 ;  advantage  of, 
objects  and  disadvantages  of  add- 
)otbridge  to,  354;  hinged,  with 
olic  brakes  across  openings  of 
diversion  weir,  432,  433 
»pet  of  Canali,  methods  of  pro- 
^,  against  erosion,  386,  404- 
mclination  given  to,  on  various 
anals,  402,  403 ;  formation  of, 
d-dams  across  soft  marshes,  404, 

Tnnnel,  length  of,  207,  211; 
:  of,  above  sea-level,  and  depth  of, 

surface,  207 ;  estimated  maxi- 
beat  of  rock  in  headings  of,  207  ; 
!nts  in,  207  ;  headings  of,  being 
I  in  a  straight  line,  208  ;  two 
n  parallel  headings  in  progress 
eadi  end  of,  208,  209 ;  enlarge- 

of  headings  for,  208-209 ; 
^ements  for  ventilation  and  cool- 
)f,  during  construction,  209  ; 
IS  of  headings,  and  of  forms  of 

for,  209 ;  strata  traversed  by, 
estimated  period  of  construction 
I  ;  estimated  cost  of,  212  ;  means 
itilating,  to  be  provided  on  com- 
n,  213  ;  low  elevation  and  shortest 
from  Calais  to  Brindisi  provided 

3 

,  carrying  flow  of  Cavour  Canal 

rivers,     431  ;      masonry    and 

;ht-iron,    carrying    discharge    of 

n  Canal  down  dip  of  valleys, 

total  length    and  sizes  of,   on 

oere  aqueduct  going  down  valleys, 

on     Thirlmere     and    Vyrnwy 

octs,    533  ;   provisions  in   event 

•sting  of  pipes  of,  533-5341  535  ; 

.  of,  across  Kibble  valley,  534  ; 

',  down  Lune  valley,  534  ;  sizes 

greatest  length   and   dip  of,   on 

.queduct,  534  ;  lengths,  maximum 

les,  and  gradients  of,  on  Vyrnwy 

"ct,   535  ;   under   the   Seine   for 

»ring  the  flow  of  the  Clichy  outfall 

54«,  551 

Canal,  fall  of,  430;  width  and 

rge    of,    430  ;    drawing    supply 

Sutlej,   431  ;    length    of   canals 

'anches  from,  431  ;  area  irrigated 

I 

rehes,   increased  span   of,   127 ; 

>f  courses  for,   of  brickwork  or 

ry,  127-128 

,   247-251  ;  materials  used   for, 


247  ;  wood,  longitudinal,  247-248, 
and  cros|s,  248-249 ;  cast-iron,  249  ; 
wrought-iron,  250,  276,  277  ;  steel, 
250-251  ;  for  tramways,  302-303.  See 
also  iraad  SUepers^  Cast-iron  SUepers^ 
and  SUel  Sleepers 

Slips,  1 15 -1 17;  ordinary  provisions 
against,  in  cuttings  and  embankments 
in  treacherous  sods,  1 1 5-1 16;  causes 
of,  in  cuttings  and  form  assumed  by, 
lib;  special  provisions  against,  in 
cuttings  through  very  bad  ground, 
116-117;  causes  of,  in  embankments, 
117;  provisions  against,  in  embank- 
ments, 117 

Slopes,  of  cuttings  and  embankments, 
1 1  i-i  12  ;  causes  of  slips  and  protection 
against  them  on,  11 5-1 17;  provisions 
with  regard  to,  in  widening  railways, 
242-243 ;  inclinations  given  to,  on 
ship-canals,  402,  403  ;  protection  of, 
against  wash  of  vessels  on  ship-canals, 
404-405  ;  pitched,  at  sides  of  docks, 
454.     See  also  Side  Siohes  of  Canals 

Sloping-blook  System  of  Constrnetion, 
481  ;  adopted  for  quay  wall  in  Mor- 
mugao  Harbour,  442-443  ;  for  super- 
structures of  breakwaters  to  provide  for 
unequal  settlement  on  rubble  mound, 
481  ;  carried  out  by  overhanging 
travelling  Titan,  481  ;  separate  rows 
of,  eventually  connected  by  capping 
of  concrete,  481  :  bonding  of  each 
row,  and  improved  final  connection 
of  rows  in,  at  Colombo  breakwaters, 
478,  481-482 

Sludge  from  Sewage,  precipitated  by 
chemical  treatment,  559-560,  and  by 
electrolysis,  560-561  ;  separate<l  from 
effluent  in  rectangular  tanks,  561-562, 
and  in  cylindrical  tanks  with  conical 
bottom,  562-563  ;  pumi)ed  into  si)ecial 
vessels  and  discharged  into  the  open 
^^»  557i  563  ;  <lcposited  on  land  and 
buried,  563  ;  methods  of  drying,  for 
manure,  563  ;  pressed  into  solid  cakes 
for  manure,  564  ;  uncertain  value  of, 
for  manure,  564 ;  burnt  as  refuse  in 
destructors,  564 

Snow,  weight  of,  on  roofs  dependent  on 
pitch,  28  ;  weight  of,  28 ;  estimaterl 
weight  of,  on  bridges  in  North  America, 
28 

Snowdon  Hallway,  rise,  length,  worst 
gradients  and  curves,  and  gauge  of, 
282  ;  laid  with  double  Abt  rack,  282  ; 
cost  of,  282 

Softening  Hard  Water,  539  ;  by  lx)iling, 
539  ;  bv  adding  lime  water,  539 ; 
chemical  changes  produced  by  process 
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f^*  539 »  reduction  of  organic  matter 
in  process  of,  539 

Bone  Canalf,  fall  of,  430:  width  and 
discharge  of,  430 ;  length  of,  and  of 
distributaries,  431  ;  area  irrigated  by, 
431  :  weir  across  Sone  at  head  of, 
431-432  ;  length  of  weir  and  head  of 
water  retained  for,  432  ;  section  of  weir 
at  head  of,  432  ;  description  of  openings 
in  weir  closed  by  shutters,  for  keeping 
heads  of,  clear  of  silt,  432-433 

SouUagM  Canal,  recently  constructed  for 
increasing  traffic,  385  ;  for  avoiding 
rapids  on  the  St.  Lawrence,  387  ; 
length,  dimensions,  and  cross  section 
^A  387  ;  tonnage  of  vessels  navigating, 
387 ;  dimensions  and  construction  of 
locks  on,  390-391 ;  large  lift,  and 
rapid  filling  and  emptying  of  locks 
on,  391  ;  lighted  by  arc  lamps  for 
night  navigation,  392  ;  locks  and 
swing  bridges  on,  worked  by  electricity, 
392  ;  source  of  power  and  water  for, 

392 
Soathampton  Basins  and  Quays,  445  ; 

quays  made  accessible  at  lowest  tides 
by  dredging,  445  ;  arrangement  of, 
445  '*  good  quay  space  and  accessibility 
in  regard  to  water  area,  447  ;  favour- 
able natural  ix>sition  of,  448 

Sonthwold  Bailway,  length  and  narrow 
gauge  of,  266  ;  large  cost  of,  266 

Spanish  Railways,  special  gauge  of,  with 
Portugal,  245  ;  cost  of,  264 

Specification,  nature  i)f,  32  ;  stipulations 
contained  in,  32 ;  importance  of,  in 
relation  to  contract,  32,  33  ;  provisions 
as  to  plant,  payments  on  account, 
progress,  and  completion  of  works  in, 

34       .  . 

Spree  Siver,  section  and  particulars  of 

drum  weir  across  navigable  pass  of,  at 
Charlottenburg,  355  ;  cost  of  drum 
weir  on,  356 

Springs,  512-513  ;  cause  of  flooding  of 
headings  of  Severn  Tunnel,  217  ; 
source  of  water  in  Mersey  Tunnel, 
217  ;  one  of  the  sources  of  water- 
^"PPb'»  5'2  ;  orijrin  of,  512-513; 
causes  of  intcrmittt-nt,  513  ;  good 
qualities  of  water  from,  513  ;  mineral 
salts  found  in  soluti<m  in  water  from, 
513  ;  Malvern  instance  of  town  supplied 
by,  513  :  New  River  supply  to  London 
drawn  from,  in  the  chalk,  513 

Stanzerhom  Cable  Bailway.  292  :  objects 
of  constructing,  in  three  divisions,  291  ; 
rise  and  total  length  of,  291  ;  rises, 
gradients,  and  curves  of  the  three 
divisions  of,  292  ;  description  of,  292  ; 


arrangements  for  transport  on,  292  ; 
sizes  of  cables  and  speeds  of  trains  on 
the  three  divisions  of,  292  ;  cables  of^ 
worked  by  electric  motors,  292 ;  cost 
of,  292 

Stations,  258-260 ;  number  of,  on  Paris 
Metropolitan  Railway,  234 ;  distance 
apart  of,  on  Paris  and  London  under- 
ground railways,  234,  on  Gla^ow 
District  Railway,  234,  235,  on  New 
York  and  Brooklyn  elevated  railways, 
239,  on  Liverpool  Overhead  Railway, 
241  ;  suitable  positions  and  arrange- 
ments for,  258  ;  forms  of,  and  arrange- 
ments at  intermediate,  258-259  ;  cross- 
over road  at,  259  ;  proper  position  for 
terminal,  259  ;  original  and  modified 
forms  of  terminal,  259  ;  examples  of 
different  arrangements  of  terminal,  259- 
260 ;  separation  of  goods  and  passenger, 
260  ;  distance  apart  of,  on  Elberfeld 
and  Barmen  Railway,  269 

Steam  Kavry,  advantages  of,  39  ;  method 
of  working,  39 ;  illustration  of,  39 : 
largely  used  in  the  excavations  for 
ship-Kamals,  403,  and  docks,  451.  See 
also  Excavators 

Steam  Pile-driver,  56-57 ;  description, 
section,  mode  of  working,  and 
advantages  of  Nasmyth's,  56-57; 
description  of  two  forms  of,  in  which 
the  cylinder  acts  as  the  ram,  56,  57 : 
section  of  one  of  these  forms  of,  56 

Steam  Traction  for  Tramways,  3x1  ;  by 
special  locomotive  or  engine  on  car, 
311  ;  favourable  and  unfavourable 
conditions  for  locomotives  for,  311 : 
merits  and  defects  of  engines  on  car 
for,  and  instances  of  their  use,  311: 
developed  in  tramways  from  large 
Italian  towns,  and  speed  attained, 
311  ;  lengths  of  tramways  worked  by, 
in  Italy,  Belgium,  France,  and  the 
United  Kingdom,  311  ;  cost  of,  by 
locomotives  on  North  Staffordshire 
and  Birmingham  tr^nways,  3x7,  in 
Paris,  317-318  ;  lengths  of  tramways 
worked  by,  in  United  States  and  in 
Canada,  318 

Steel,  24-26  ;  composition  of,  24 : 
wrought  iron  superseded  by,  for  rail> 
and  bridges  of  large  span,  25  :  costl) 
product  by  cementation  process,  25: 
cheapening  of,  by  adoption  of  Bessemer 
process,  25  ;  principle  of  Bessemer 
process  for  manufacturing,  25-26 ; 
purification  of,  by  Thomas-Gilchri>t 
process,  26  :  method  adopted  for 
manufacturing,  by  the  Siemens-Martin 
process,  26  ;  strength  of,  26  ;  %'alae  ol, 
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for  bridges  and  rails,  26  ;  safe  stresses 
for,  28  ;  advantage  of  adoption  of,  for 
bridges  of  large  span,  162 ;  examples 
of  use  of,  for  movable  bridges  at 
Hawarden  and  the  Tower,  183,  185 

Steel  Sleepers,  250-251  ;  forms  of,  250, 
251 ;  merits  and  disadvantages  of,  as 
compared  with  wood,  250  ;  conditions 
affecting  adoption  of,  250-251  ;  ex* 
amples  of  use  of,  on  mountain  railways, 
Schjmige-Platte,  Wengern-Alp,  276, 
Jungfrau,  Generoso,  Rothom,  280, 
and  Hartz,  281 

Stone  for  Building,  12-13 ;  principal 
kinds  used  for,  12 ;  uses  of,  from 
primitive  rocks,  12  ;  variable  composi- 
tion and  best  kinds  of  sandstones  for, 
12-13 ;  variableness  and  qualities  of 
limestones  used  for,  13;  compressive 
strength  and  absorptivity  of  different 
kinds  of,  13 

Stone  Paying,  86-89  ;  with  cobbles,  86- 

87  ;  qualities  and  sizes  of  setts  for,  87  ; 
instances  of  durable,  87 ;  foundations 
for,  87-88  ;  joints  between  setts  for, 

88  ;  cost  of,  88  ;  merits  and  defects  of, 
88-89 

Stony  Creek  Bridge,  132 ;  elevation  of, 
132  ;  steel  arch  of  uniform  depth,  132, 
133 ;  cost  of,  133 

Storm  Oyerflowt,  552 ;  object  of,  552  ; 
arrangement  for  direct  discharge 
through,  from  sewer,  552 

Street-FaTing,  86-95 ;  objects  and  dif- 
ferent forms  of,  86  ;  with  cobble-stones, 
86-87  ;  with  stone  setts,  87-89  ;  with 
wood  blocks,  89-91  ;  brick,  91-92  ; 
asphalt,  92-94  ;  respective  merits  of  the 
different  forms  of,  and  instances  of 
their  extended  use,  94-95.  See  Stoue 
Pavings  Wood  Pavings  etc. 

Strefies,  allowable,  on  structures,  27-2S  : 
in  arched  bridges,  122-125  ;  distribu- 
tion of,  in  arches,  129-130  ;  in  suspen- 
sion bridges,  123,  124,  139  ;  in  simple 
beams,  153-154  ;  in  girders,  I54-I57  J 
in  continuous  girders,  168  ;  in  canti- 
levers, 172*173 

Streeiet  in  Cantilevers,  caused  by  two 
distinct  loads,  172-173  ;  due  to  each 
load  determined  separately,  173  ; 
diagrams  showin«j  separate  and  com- 
bined, 173 

StrefNi  in  Oirden,  due  to  bending 
moment,    154,    155  ;    shearing,    154- 

155  ;  calculation  of,  on  flanges,   155- 

156  ;  safe,  for  iron  and  steel,  156  ;  in 
flanges  and  lattice  bars  of  Warren 
girder,  156-157  ;  on  members  of 
Covington  and  Cincinnati  Bridge,  and 


allowance  on,  for  wind-pressure,  164  ; 
in  continuous  girders,  108 

Stmb  Baek,  279,  280  ;  description  of,  as 
laid  on  Jungfrau  Railway,  279,  280 ; 
advantages  of,  279-280 ;  compared 
with  Tdfener  and  Abt  racks,  280 

Snbaqneone  Tunnels,  214-224 ;  peculi- 
arities of,  214 ;  systems  of  construction 
of,  214-215  ;  construction  of  Severn 
and  Mersey,  215-217  ;  inrush  of  water 
into,  from  land  springs,  217 ;  gradients, 
drainage  headings,  and  pumping  in 
Severn  and  Mersey,  217-218  ;  venti- 
lation of  Severn  and  Mersey,  218 ; 
through  clay  under  Lake  Michigan, 
218-219  J  constructed  under  Thames 
with  iron  shield,  219-220 ;  with  annular 
shield  under  I^ake  Erie,  220 ;  with 
shield  and  tube  for  Tower  Subway, 
220-221  ;  with  tube  and  compressed 
air,  and  subsequently  with  shield  also, 
under  Hudson  River,  221-222  ;  with 
shield  and  tube  under  St.  Clair  River, 
222  ;  with  shield,  tube,  and  compressed 
air  under  Thames  at  Blackwall,  216, 
222-223  ;  difficulties  in  use  of  com- 
pressed air  for,  223 ;  illness  from 
working  in  compressed  air  in  con- 
structing, and  remeiiy  applied,  224 ; 
advantages  of  shield,  tul)c,  and  com- 
pressed air  for  construction  of,  224  ; 
constructed  with  shield  and  compressed 
air    under  the  Seine  at  Clichy,  550- 

551 
Suez  Canal,  406-408,  413-414 ;  exca- 
vators used  on,  28  ;  rock-breaking 
rams  employed  in  widening,  51, 
413-414  ;  lonjj  shoots  for  conveying 
dredgings  to  side  banks  of,  52,  404  ; 
original  dimensions  of,  402  ;  present 
and  future  dimensions  of,  402,  403, 
407  ;  side  slopes  of,  403.  407  ;  depres- 
sions along  line  of,  flooded  for  dredging 
trench,  403-404  ;  elevators  for  deposit 
of  dretlginj;s  at  side  of,  along  high 
ground,  404  ;  hcrms  on  slo|)es  of,  to  be 
abandoned  in  wi<lening,  404-405,  407  ; 
protection  of  slopes  of,  405,  407  ; 
delays  to  vessels  in  passing,  to  be 
remcwed  by  widening,  406,  407  ;  in- 
stance of  quite  open  waterway  and 
without  bridges  over,  406  ;  description 
of,  406-408  ;  currents  in,  406  ;  harbour 
at  Port  Said  entrance  to,  407,  408  ; 
fresh-water  canal  constructed  for,  407, 
408,  413  ;  difficulties  in  carrying  out, 
and  favourable  conditions  for  construc- 
tion of,  413-414  ;  accumulation  of 
drift  on  western  side  of  Port  Said 
entrance  to,  and  measures  adopted  for 
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f>reventine  shoalins  of  approach,  414 ; 
lighting  of,  for  night  navigation,  417  ; 
widening  of,  in  progress  to  increase 
capacity  for  traffic,  417 ;  draught  of 
vessels  formerly  restricted  by  depth 
of>  459  ;  proposed  further  extension 
of  depth  of,  beyond  depth  decided  on, 

Snkknr  Bridge,  175,  179;  great  height 
of  cantilevers  of,  over  abutments,  174, 
175  ;  elevation  and  plan  of,  175  ; 
built  out  from  abutments,  177  ;  single- 
span  cantilever,  175.  179;  ratio  of 
height  of,  to  span,  179  ;  description  of, 
I75»  '79  ;  cost  of,  179 

Surveys,  104-106 ;  objects  and  difficulties 
of,  in  undeveloped  districts,  104 ; 
methods  of  conducting,  for  locating  a 
railway,  104-106 

Suspended  Travellixig  Car,  320-322  ;  in 
place  of  ferry,  movable  bridge,  or  high- 
level  bridge  across  '  navigable  river, 
320 ;  description  of  system,  and  its 
advantages,  320-321  ;  particulars  and 
elevation  of,  and  bridge  across  Nervion, 
321  ;  description  of,  across  Seine  at 
Rouen,  321  ;  headways  and  spans  of 
transporter  bridges  for  carrying, 
authorized  in  England,  321-322 

Suspension  Bridges,  138-151 ;  wrought 
iron  early  used  for,  24  ;  method  of  find- 
ing horizontal  tension  at  centre  of  chains 
of,  123,  124 ;  contrasted  with  arched 
bridges,  138-139  ;  advantages  and  dis- 
advantages of,  139-140  ;  earliest  forms 
of,  140  ;  elevations  of  typical  forms  of, 
141  ;  wire  cables  and  flat  links  for, 
compared,  142  ;  two  systems  of  wire 
cables  used  for,  142  ;  furnished  with 
auxiliary  cables  for  relieving  main 
cables  of,  142-144 ;  descriptions  of, 
illustrating  principal  types,  144-146  ; 
examples  of  stiffened,  146-148 ;  methods 
of  stiffening  chains  of,  14S-149  ;  pro- 
visions at  sui>ports  for  movements  of 
chains  or  cal)les  of,  149  ;  provisions 
against  injuries  to  roadways  of,  by 
gales,  149-150;  importance  of,  in 
former  days,  150  ;  occasions  for  use 
of,  in  stiffened  forms,  1 50-1 51 

Suspension  Bridges  described  or  referred 
to  :  Albert,  141, 147-148,  15 1  ;  Aspem, 
148  ;  Brooklyn,  140,  141,  143,  145- 
146 ;  Brooklyn  new,  146  ;  Clifton, 
141,  144-145  ;  Covington  and  Cincin- 
nati, 142,  143,  146,  150  ;  East  Liver- 
pool, 1 50-1 5 1  ;  Francis- Joseph,  1 41, 
147,  151  ;  Friburg,  140;  Kieff,  145  ; 
Lambeth,  146-147,  149 ;  I^mothe, 
143-144;  Menai,24, 140, 149;  Niagara, 


140,  142,  143, 146,  150  ;  Niagara  Falls, 
142,  149,  151  ;  Pest,  145  ;  Pittsburg 
Point,  140,  14Z,  148-149, 151  ;  Roche- 
Bernard,  149,  150  ;  Rochester,  U.S., 
1 50-1 5 1  ;  St.  Ilpize,  143,  149 

Swing  lodges,  181-184  ;  in  two  counter- 
balanced halves  meeting  in  the  centre 
at  Brest,  181-182  ;  on  central  pier 
across  two  openings  at  New  London, 
182-183 ;  across  single  opening  with 
counterbalanced  tail-end,  at  Hawar- 
den,  183  ;  methods  of  moving,  183- 
184  ;  with  two  floors  for  dock  road  and 
overhead  railway  at  Liverpool,  259, 
240 

Swiss  Railways,  gauge  of,  245  ;  cost  of, 
264;  various  mountain,  laid  with 
central  rack,  275-282 

Switchbaeks,  107-108 ;  form  of,  for 
ascending  steep  slojjes,  107  ;  on  Orop 
Railway,  107,  108  ;  on  Ghats  near 
Bombay,  107  ;  disadvantages  of,  107- 
108 

Switches  and  Crossings,  255-257  ;  ob- 
jects of,  255-256  ;  description  of,  256- 
257  ;  plans  of,  at  junction  and  cross- 
over road,  256,  259  ;  interlocking  of, 
with  signals,  256  ;  rising  rail  to  prevent 
splitting  of  train  at,  256  ;  check  rails  at, 
256,  257,  259 

Sydenham  Tnnnel,  defonnation  of,  by 
pressure  of  London  clay  against  sides 
of,  201  ;  reconstruction  of,  with  cir- 
cular section,  201  ;  original  and  re- 
constructed cross  sections  of,  202 : 
cost  of,  204 


T. 


Tacheometer,  principle,  use,  and  ad  van* 
tage  of,  in  rugged  country,  103-104. 

Talyilyn  Bailway,  instance  of  cheap 
narrow-gauge  railway,  266  ;  length, 
gauge,  and  cost  of,  266 

Tanks,  420,  512  ;  large,  formed  by  en- 
closing depressions  by  embankments, 
420  ;  for  storing  rainfall  for  irrigation 
in  India,  420 ;  storage  reduc^  by 
evai^ration  and  silting  in,  420  ;  ex- 
cavated in  ground  for  storing  tropical 
rainfall  for  water-supply,  512  ;  objec- 
tions to  open,  in  towns,  512 ;  covered 
underground  brick,  for  collecting  rain 
from  roofs  in  rural  districts,  512 

Tanks  for  Settlement  of  Slnidge,  561- 
563  ;  sections  and  construction  of  open 
oblong,  561  ;  underground,  covered- 
over,  562  ;  provisions  for  circulation  of 
sewage  in,  562  ;  separate  remo^  of 


ICAKIAN  BAIIiWAYa  617 


TIDAIi  UrVEBB. 


i  and  effluent  from,  562  ;  section 
Lindrical,  with  conical  bottom, 
need  at  Dortmund,  562-563 ; 
d  of  mixing  chemicals  with 
;e  in  cylindrical,  563  ;  overflow 
oent  at  top,  and  removal  of  sludge 
iction  from  conical  bottom  of, 
section  and  description  of  drcu- 
of  sewage  in  cylindrical,  with 
of  chanabers,  562,  563 ;  effluent 
urged  from  last  chamber  of,  and 
>itated  sludge  collected  in  conical 
n  of,  562,  563 

Uui  luilways,  gauge    of,   245 ; 
r,  265  ;  cost  of,  reduced  by  narrow 
adopted,  265 

duet,  len^  and  spans  of,  191  ; 
f  river  bridge  of  numerous  spans, 

tuazy,  channel  of,  deepened  by 
3g  works  and  dredging,  379  ;  plan 
d  sections  of  channel  and  train- 
rails,  showing  works  and  deep- 
,  381  ;  rate  of  enlargement  of 
d  channel  of,  seawards,  381  ; 
lations  in  progress  in,  promoted 
aining  works,  381,  383,  500; 
waters  protecting,  from  drift, 
promoting  accretion  at  sides  of 
^t  381*  383  ;  approach  channel 
^h,  to  Middlesbrough,  sheltered 
eakwater,  449  ;  section  of  recla- 
n  embankment  in,  501 
r  Baok,  278-279  ;  description  of, 
279 ;  laid  on'  St.  Ellero-Saltino 
Tiy,  278-279 ;  simplicity  and 
ness  of,  279 

I,  32  ;  form  of,  appended  to  speci- 
)n,  32 ;  basis  of,  32  ;  particulars 

.32 

(en  Canal,  402,  409 ;  excavators 

}n,  38  ;  long  shoots  and  floating 
used  in  enlarging,  for  removal  of 

i^^i  53  J  cross  section,  dimen- 
and  slopes  of,  402,  403  ;  regula- 

ock  on,  at  entrance  from  Scheldt, 
particulars    about,    leading   to 

r-Cmon  Cable  Hallway,  290,  291, 
^96 ;  longitudinal  and  cross  scc- 
of,  290  ;  first  stage  of  Rochers  de 

line,  290  ;  plan  of  passing-place 
91  ;  description  of,  and  mode  of 
ing  with  water  counterpoise,  290, 
295-296  ;  ladder-rack  and  brakes 
mtrolling  motion  of  carriages  on, 
296  ;  arrangements,  accommoda- 
and  weight  of  carriages  travelling 
95';  cost  of,  296 

Biver,  solid  and  draw-door  weirs 


across,  at  Teddington,  344  ;  elevation, 
plan,  cross  section,  and  description  of 
half-tide  draw-door  weir  across,  at 
Richmond,  345-346 ;  size  of  tidal 
{x>rtion  of,  due  to  tide,  359  ;  expanding 
into  large  estuary,  378  ;  rendered 
always  accessible  for  large  vessels  up 
to  port  of  London  by  dredging,  378, 
448-449  ;  ancient  reclamation  embank- 
ments alongside  estuary  of,  500 ;  water- 
supply  of  London  drawn  from,  above 
Teddington,  516  ;  stored  in  reservoirs 
at  Staines  and  Hampton  for  supplement- 
ing water-supply  during  low  stage  of, 

536 
Tluunes  Tunnel,  219-220 ;   construction 

of,  with  iron  shield,  219  ;  bursting  of 

river  into,   219 ;  progress   and  length 

of,   219  ;  diameter  and  depth  of  shafts 

for,  219  ;  cost  of,  219  ;  original  object 

of,  219-220  ;  present  use  of,  220 

Thirlmere,  distance  of,  from,  and  eleva- 
tion of,  above  Manchester,  517  ;  area 
of,  and  amount  of  raising  of  water- 
level  for  required  storage,  517  ;  daily 
volume  of  supply  and  compensation 
Mrater  to  be  drawn  from,  517-518  ; 
height  and  construction  of  dam  across 
outlet  for  raising,  and  area  of,  when 
raised,  518  ;  area  and  rainfall  of  gather- 
ing ground  draining  into,  518 ;  depth 
of  foundation  of  dam  below  surface  at, 
527  ;  outlets  from,  away  from  dam, 
529 

Thirlmere  Aqueduct,  532-534  ;  following 
mainly  hydraulic  gradient,  532  ;  length 
of,  532 ;  description  of,  532-534.; 
hydraulic  gradients  of,  532,  533  ;  longi- 
tudinal section  of  portion  of,  533  ; 
arrangement  for  closure  of,  on  the 
bursting  of  a  pipe  in  a  siphon,  533" 
534 ;  longest  siphon,  and  maximum 
dip  of  a  siphon  m,  534 ;  cross  section 
of,  534  ;  water  discharged  from,  passed 
through  straining  wells,  529,  537 

Tidal  Baaine,  455-456 ;  instances  of,  at 
Barry,  Havre,  Liverpool,  and  Tilbury 
docks,  446-449  ;  for  convenience  of 
access  to  docks,  455  ;  depth  recjuired 
f^i^f  455-456  »  depth  provided  m,  at 
Tilbury,  456 ;  methods  of  keeping, 
clear  of  deposit,  456 ;  value  of  half- 
tide,  with  entrance  at  each  end,  456  ; 
instances  of  ports  provided  with  half- 
tide,  456-457  „    „ 

Tidal  Uyen,  358-359»  368-383 ;  in- 
creased size  of  tidal  portion  of,  and 
contrast  presented  to  tideless  rivers, 
358-359  ;  instances  of  large,  with  small 
hasins,  359 ;  variety  in  conditions  of. 
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368 ;  importance  of  facilitating  influx 
of  tide  up,  369  ;  value  of  tide  in  dis- 
persing deltaic  alluvium  at  outlets  of, 
369 ;  course  of  tide  in,  indicated  by 
simultaneous  tidal  lines,  369-370 ; 
occurrence  of  bore  in  obstructed,  370 ; 
removal  of  obstacles  to  tidal  influx  up, 
370-37*  ;  deepening,  by  dredging, 
371-372 ;  deepening  channel  across 
sandy  bar  of,  by  sand-pump  dredgers, 
372 ;  diflerent  channels  formed  by 
flood  and  ebb  tides  in  winding,  372- 
374;  method  of  improving  depth  of, 
at  crossing  between  bends,  373,  374 ; 
S3rstematic  regulation  of,  combined  with 
dredging,  374-377 ;  suitable  rates  of 
enlargement  of  channel  of,  seawards, 

377  ;  protection  of  outlet  of,  by  break- 
waters, 377-378  ;  instances  of,  expand- 
ing into  sandy  estuaries,  378 ;  dredging 
adequate  in  estuary  channel  of  some, 

378  ;  construction  and  effects  of  train- 
ing works  in  estuaries  of,  378 ;  ex- 
amples and  results  of  training  works 
through  the  sandy  estuaries  of,  378- 
381  ;  importance  of  extending  training 
works  to  deep  water  at  outlet  of,  with 
adequate  enlargement  seawards,  379, 
381  ;  accretions  resulting  from  training 
works  in  several  estuaries  of,  381-383  ; 
value  of,  and  limitations  to  adoption  of 
training    works    for  improvement  of, 

Tideless  Rivers,  358-359,  361-367 ;  size 
of  outlets  of,  proportional  to  fresh-water 
discharge  from,  358  ;  instances  of  large, 
359  ;  contrast  of,  to  tidal,  359  ;  im- 
provement of  outlets  of,  exposed  to 
drift,  361  ;  formation  of  deltas  by, 
361-362  ;  conditions  affecting  advance 
of  deltas  and  outlets  of,  362-363 ; 
nature  and  proportion  of  alluvium  to 
discharge  in  deltaic,  363  ;  results  of 
harrowing  and  dredging  bars  at  outlets 
of  Danube  and  Mississippi,  363  ;  em- 
bankment of  east  outlet  channel  of 
Rhone  and  its  results,  363-364  ;  channel 
over  Rhone  bar  abandoned  for  lateral 
canal,  364  ;  causes  of  failure  of  Rhone 
works,  364  ;  reasons  for  selecting 
Sulina  mouth  of  Danube  for  improve- 
ment, 364-365  ;  construction  of  jetties 
at  Sulina  mouth,  and  results,  365  ; 
dredging  for  maintaining  Sulina  outlet 
channel,  365  ;  reasons  for  improving 
South  Pass  outlet  of  Mississippi,  365  ; 
construction  of  parallel  jetties  out  to 
bar  at  South  Pass  outlet,  and  results, 
365-366 ;  shoaling  and  dredging  at 
South  Pass  outlet,  366  ;  considerations 


affecting  jetty  system   for  improving 
ontlets  of  deltaic,  366-367 

Tilbury  Doeki,  449  ;  accessible  at  all 
states  of  tide,  578  ;  main  and  branch 
docks  at,  448,  449  ;  tidal  basin  wall 
of,  449, 453,  454  ;  depth  in  tidal  basin 
of,  at  low  water,  456  ;  dimensions  and 
depth  of  entrance  lock  at,  459  ;  dimen- 
sions of  graving  docks  at,  466  ;  special 
arrangement  of  graving  docks  at,  449, 
467 

Timber,  lo-i  i  ;  sources  of,  10  ;  employ- 
ment of  hard-wood,  10;  nature  of,  10; 
protection  of,  10;  uses  of,  lo-ii: 
strength  of  various  kinds  of,  in  tension, 
compression,  shearing,  and  bending, 
1 1  ;  safe  stresses  for  structures  of,  27- 
28 

Titans  for  laying  Blocks,  481,  486; 
travelling  on  completed  breakvi-ater 
and  laying  sloping  blocks,  481  ;  weight 
and  overhang  of  blocks  lifted  by,  at 
Karachi,  481, 485  ;  in  place  of  staging 
at  exposed  sites,  485  ;  revolving,  with 
increased  overhang  and  lifting  powA, 
subsequently  introduced,  485  ;  worked 
by  electricity  at  Nervion  outlet  and 
2^ebnxgge,  485  ;  stability  of  break- 
waters increased  by  large  blocks  de- 
posited by,  487 

Torrington  and  Marland  Bailway,  in- 
stance of  cheap  narrow-gauge  railway, 
266  ;  length,  gauge,  and  cost  of,  266 

Tower  Bridge,  184-186 ;  piers  for, 
founded  within  wrought-iron  caissons, 
60  ;  instance  of  use  of  stiffened  sus- 
pension chains,  149  ;  description  of, 
184-185  ;  elevation  of,  and  mode  of 
raising  bascules,  185  ;  suitability  of, 
for  site,  1 85-186 

Tower  Subway,  220-221  ;  construction 
of,  by  annular  shield  with  dia- 
phragm and  tube,  220  ;  period  of  con- 
struction, 220  ;  dimensions  of  shafts 
for,  220  ;  cost  and  length  of,  220 ;  ad- 
vantages of  system  for  construction  of, 
220-221 

Traction  on  Tramways,  307-316,  317- 
319  ;  simplicity  and  defects  of,  by 
horses,  307-308;  by  cable,  308-310; 
by  steam,  308,  311  ;  by  various  motors, 
308,  311-312;  by  electricity,  313- 
316 ;  cost  of,  by  various  systems, 
317-318  ;  length  of  tramwa3rs  worked 
by  different  systems  of,  318-319.  See 
also  CaN^  Traction  for  Tramii*ays, 
Cost  of  Tramway  IVorkin^^  Mlatmal 
Traction  for  Tramwc^s^  etc. 

Training  works  in  Sandy  SstnariM. 
construction,  form,  and  general  effects 
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of,  378  ;  value  of,  in  fixing  and  deep- 
ening, wandering  channel  exemplified 
by,  in  Seine,  378-380,  Tees,  379,  381, 
and  Wcser  estuaries,  376,  379 ;  im- 
portance of  extending,  to  deep  water, 
379 ;  due  enlargement  of,  seawards 
essential,  379,  381 ;  rates  of  enlarge- 
ment adopted  for,  381,  383  ;  accretion 
at  sides  promoted  by,  381-383  ;  in- 
stances of  accretion  and  reclamations 
resulting  from,  380-383,  500  ;  value 
of,  and  conditions  requisite  for  carry- 
ing  out,  383  ;  objections  to,  under  cer- 
tain conditions,  383 

Tramway  LinM ,  single  or  double,  along 
streets,  306;  regulations  in  Great 
Britain  for  location  of,  in  streets,  306  ; 
arrangements  for,  in  United  States, 
306 ;  entrance  of  single  line  of,  into 
passing-place,  306-307 

Tfmmways,  301-319;  contrasted  with 
railways,  301-302 ;  foundations  for 
track  of,  302,  303 ;  sleepers  for,  302, 
303  ;  rails  for,  302-305  ;  formation 
of  road  or  paving  for,  305-306 ; 
general  design  of,  306-307 ;  various 
modes  of  traction  on,  307-316  ;  cost 
of  construction  of,  316-317  ;  cost  of 
working  with  different  forms  of  trac- 
tion, 317-318 ;  lengths  of,  in  some 
countries  worked  by  horses,  steam, 
cable,  and  electricity,  318-319  ;  pro- 
gress and  working  of,  in  the  United 
Kingdom,  319.  See  also  Traction  ott 
Tramways ^  Cable  Traction  for  Tram- 
ways^ etc. 

Traniandine  Bailway,  worked  by  ad- 
hesion and  rack,  284 ;  gauge  of, 
284  ;  length  of,  laid  with  Abt  rack  and 
total  length  of,  285  ;  worst  gradients 
and  carves  on  rack  and  ordinary  por- 
tions of,  285 

Traniporter  Bridges,  having  suspended 
skeleton  platform  with  travelling  car 
hung  from  it,  320-321  ;  across  Ncrvion 
near  mouth,  and  Seine  at  Rouen,  321  ; 
proposed  in  England,  321-322.  See 
Suspended  Travelling  Car 

TraTeUiiig  Belts,  description  of,  for  re- 
moval of  excavations  from  Chicago 
Drainage  Canal,  41-42 ;  on  Man- 
chester Canal  for  conveyance  of 
dredgings  to  waggons  on  bank,  404 

TraTerting  Bridges,  184 ;  special  con- 
ditions of  use  of,  184 ;  method  of 
working,  184  ;  examples  of,  184 

TretUae,  of  timber  to  expedite  con- 
struction of  pioneer  railways,  118; 
replaced  eventually  by  embankments 
and  bridges,  118 


Trial  Leyels,  for  determining  route  of 
a  railway,  102  ;  for  settling  gradients 
of  line,  103  ;  by  aneroid  barometer  in 
rugged  districts  in  preliminary  recon- 
naissance, 103 ;  by  means  of  tache- 
ometer  in  difficult  country,  104 

Trial  Pits,  for  testing  nature  of  strata 
for  cuttings  or  foundations,  30 ;  value 
of,  30 

Trinekeras  Ineline,  283 ;  connecting 
ordinary  railways  above  and   below, 

282  ;  laid  with  triple  Abt  rack,  282, 
283 ;  rise,  length,  and  worst  gradient 
and  curves  of  approach  railway  to, 

283  ;  rise,  length,  and  gradients  of, 
283 ;  sharpest  curves  and  gauge  of, 
283  ;  train-load  drawn  up,  and  weight 
of  locomotives  working  with  cog- 
wheels on,  283 

Tubular  Girders,  first  form  adopted  for 
wrought-iron  girders,  159 ;  Conway 
and  Britannia,  described,  159  ;  modi- 
fied form  of  flanges  in,  of  Victoria 
Bridge,  Montreal,  159,  161  ;  system 
of,  abandoned  in  favour  of  lattice- work 
girders,  161 

Timuels,  191-224;  through  ridges  instead 
of  cuttings,  I  ID,  191 ;  in  place  of  cuttings 
through  slippery  strata,  191  ;  avoided 
on  some  lines  by  sharp  curves  and 
steep  gradients,  191-192  ;  classification 
of,  192  ;  influence  of  strata  traversed 
on,  192  ;  object  and  construction  of 
shafts  for,  192-194  ;  shafts  beyond  line 
of,  194  ;  excavation  and  timbering  of, 
194-196  ;  Belgian  method  of  top  head- 
ing for  construction  of,  196-197  ;  cen- 
tral core  system  of  constructing,  197  ; 
Austrian  method  of  timbering  for,  197- 
198  ;  American  system  of  timbering, 
198-199  ;  iron  frames  for  construction 
^>f.  199 ;  through  headings  and  side 
drifts  for,  200 ;  instances  of  con- 
struction of,  under  specially  difficult 
conditions,  200 ;  cross  sections  of,  200- 
202  ;  variations  in  form  and  lining  of, 
according  to  strata  and  conditions, 
200-203  :  construction  of  lining  by 
English  system,  201,  203,  by  Belgian 
system,  203,  by  other  systems,  203  ; 
arrangement  for  drainage  of,  203- 
204 ;  cost  of  various,  with  strata 
traversed,  204-205  ;  uses  for,  besides 
railways,  205-206,  532-535,  549, 
551  ;  widening  of,  206  ;  long  Alpine, 
202,  206-213  J  subaqueous,  214-224  ; 
restricted  width  of,  for  inhind  canals, 
386.  See  also  Alpine  Tunnels^ 
Subaqueous  Tunnels^  and  Cost  of 
Tunnels 
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Tnimeli  described  or  referred  to : — 
Ampthill,  195 ;  Arlberg,  202,  207, 
208,  210-212  ;  Blackwall,  216,  222- 
22J  ;  Bletchingley,  194,  204  ;  Chicago, 
215-219  ;  Cleveland,  220  ;  HarecasSe, 
199  ;  Hoosac,  195,  203,  205  ;  Hudson, 
221-222  ;  Ippens,  199,  205  ;  Mersey, 
215-218  ;  Mont  Cenis,  196,  202,  207- 
211;  Naens,  199,  205;  St.  Clair, 
222  ;  St.  Gothard,  196,  202,  207-213  ; 
Severn,  215-218  ;  Simplon,  207-213  ; 
Sydenham,  201,  202,  204. ;  Thames, 
219-220 ;  Tower  Subway,  220-221  ; 
Wolfsberg,  197.  Set  Arlberg  Tunnel, 
Blackwall  Tunnel^  Chicago  Tunnels^ 
etc. 

Tnimeli  (not  given  above),  strata 
traversed  and  cost : — 204-205  ;  Balti- 
more, Bergen,  205  ;  Blaenau-Festi- 
niog.  Box,  Buckhom  Weston,  204 ; 
Chinon,  Church  Hill,  205  ;  Clifton, 
Cowbum,  204  ;  Cristina,  Czernitz, 
Gotthardsberg,  205  ;  Guildford,  Honi- 
ton,  Kilsby,  204. ;  Latrape,  205  ;  Lyd- 
gate,  204 ;  Marseilles,  205 ;  Petersfield, 
Salisbury,  Saltwood,  204;  Singeister, 
Sommerau,  205  ;  Totley,  204 ;  Van 
Nest  Gai),  205 

Tnrloek  CSuud,  fall  of,  430 ;  width, 
depth,  and  discharge  of,  430 ;  water  of 
San  Joaquin  River  raised  and  directed 
into,  by  high  masonry  dam,  432-433 

TfiM  Biyer,  depth  attained  in,  b^  dredg- 
ing, 371  ;  improved  tidal  conditions  of, 
obtained  by  deepening,  371  ;  dredging 
needed  in,  for  maintaining  depth,  371  ; 
inundations  of  riparian  lands  stopped 
by  increased  discharging  capacity  of, 
371-372  ;  rate  of  enlargement  of,  sea- 
wards, 377  ;  outlet  of,  protected  from 
drift  by,  and  channel  dredged  under 
shelter     of    converging    breakwaters, 

377-378 


U 


Underground  Conductors  for  Electric 
Tramways,  314,  315 ;  in  crowded 
streets,  314  ;  arrangements  of,  314, 
315  ;  cost  and  other  disadvantages  of, 
compared  with  overhead  wires,  314, 
315;  instances  of  adoption  of,  in 
towns,  314 

Underground  Bailways.  226-235  ;  com- 
pared with  overhead,  225,  241-242  ; 
differences  between,  and  relative  merits 
of  ordinary  and  low-level  tubular, 
226  ;  description  of — London  Metro- 
politan, 220-229,  London  low-level 
tubular,  229-232,  Paris  Metropolitan, 


232-234,  Glasgow  District,  234-235; 
electric  traction  expedient  on  all,  242 

United  Kmgdom  Bailways,  standard  and 
narrow  gauges  of,  245,  269 ;  number 
of  sleepers  per  mile  on,  248  ;  cost  of. 
264 ;  cost  of  cheapest  narrow-gauge, 
266 ;  light,  268-209  ;  various  gauges 
of,  and  Sieir  respective  lengths,  269 

United  Kingdom  Tramways,  forms  of 
rails  used  for,  303  ;  regulations  as  to 
position  of,  in  roadway,  306  ;  gauges 
adopted  for,  307  ;  instances  of  cable 
traction  on,  3cS  ;  section  of  track  and 
conduit  for  cable  in  Edinburgh,  309 ; 
steam  cars  on  South  Staffordshire,  311 ; 
length  of,  worked  by  steam,  and  ^peed 
limit  on  them,  311  ;  gas  engines  on 
Blackpool  and  Lytham,  312 ;  electric 
traction  with  overhead  wires  on  South 
Staffordshire,  313 ;  electric,  under- 
ground conductors  on  Blackpool,  314 ; 
cost  of  construction  of,  316-317  ;  cost 
of  working  on  North  Staffordshire  and 
Birmingham,  317  ;  length  of,  worked 
by  electric  traction,  319  ;  recent  de- 
crease of  horse  traction  on,  319 ;  first 
introduction  and  extension  of,  319: 
traction  by  locomotives  on,  319  ;  pros- 
pects of  electrical  traction  on,  319 

United  States  Bailways,  gauge  of,  245 : 
number  of  sleepers  per  mile  on,  248 ; 
cost  of,  264 

United  States  Tramways,  forms  of  rails 
used  for,  303-304 ;  arrangements  of 
track  of,  303,  304 ;  cobble-stone  pav- 
ing for  track  of,  305  ;  asphalt  paving 
for  track  of,  305-306 ;  positions  of,  in 
streets  and  roads,  306  ;  gauges  adopted 
for,  307  ;  introduction  of  cable  traction 
for,  in  San  Francisco,  308 ;  traction 
by  cable  for,  on  level,  at  Chicago  and 
San  Francisco  with  large  traffic,  308 : 
traction  by  tireless  locomotives  on,  in 
New  Orleans,  311  ;  electric  traction 
by  underground  conductors  on  New 
York  and  Washington,  314 ;  cost  of 
construction  of,  316,  317  ;  cost  o( 
traction  with  horses,  electricity,  and 
cables  on,  317  ;  lengths  of,  worked  by 
different  systems  of  traction,  318  ;  great 
increase  in  electric  traction  on,  by  over 
head  wires,  318,  319 

Usui  Bailway,  283-284 ;  connecting 
ordinary  railways  above  and  below 
Usui  Pass,  283  ;  laid  with  triple  Abt 
rack,  283,  284  ;  length,  gradient,  and 
cost  of,  283 ;  gauge  and  sharpest 
curves  on,  284 ;  wei^t  of  locomotiTes 
and  train-load  pushed  up,  284 ;  speed 
of  trains  on,  284 
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▼catilation  of  Sewen,  to  prevent  escape 
of  sewer  gas  into  houses,  552 ;  by 
openings  in  road,  shafts,  and  manholes, 
552-553  ;  by  admission  of  fresh  air 
through  inlets,  553  ;  by  draught  of 
furnace  with  Idgh  chimney,  553 ;  by 
revolving  fans  in  high  shafts,  553 

▼catiUtioa  of  Tnnnofs,  through  shafts  in 
ordinary  tunnels,  193,  194 ;  by  fresh 
air  driven  into  Simplon  headings  by 
fans,  ao9;  natural,  in  Alpine,  212  ; 
method  of,  in  St.  Gothard,  by  fans, 
213 ;  pro\ided  for,  of  Simplon,  on 
completion,  213 ;  of  Severn  and  Mer- 
sey, 218 ;  openings  for,  of  London 
Metropolitan  Railway,  229 ;  promoted 
by  adopting  single-line  tubes,  230  ;  on 
City  and  South  London  Railway, 
232 

▼«ra  Cnu  and  Xozioo  Bailway,  ruling 
gradient  on,  105,  272 ;  sharpest  curves 
on«  107  ;  elevation  surmounted  by, 
272 

▼•rdoiL  Oanal,  siphons  tunnelled  in  rock 
underlying  valleys  for  conveying  dis- 
charge of,  across,  431 ;  wrought-iron 
siphons  adopted  for,  where  rock  was 
unsound,  as  across  valley  of  St.  Paul, 

Yiadnets,  188-191;  disc  piles  for  founda- 
tions of  Leven  and  Kent,  68,  69  ;  in- 
stead of  high  embankments  across 
▼alleys,  no,  188 ;  advantages  of,  188- 
189 ;  instances  of  timber,  on  Cornish 
railways,  188 ;  brick,  across  Esk 
Valley,  and  metsd,  across  Pecos  River, 
189,  190 ;  form  of,  dependent  on  local 
conditions,  189  ;  application  of  term, 
189 ;  Garabit  arched  bridge  and  Tay 
Bridge  inaptly  termed,  191 ;  low  brick, 
for  railways  across  cities,  235-236  ;  iron, 
along  streets  for  elevated  railways, 
237-241 

vibration,  cause  of,  by  trains  on  London 
Central  Railway,  230 ;  of  trains  on 
Pilatus  Railway,  278 

VietOTia  Bridge,  Pimlico,  cylindrical 
foundations  for  piers  of,  70-71  ;  span 
and  rise  of  wrought-iron  arches  of, 
130 ;   arches  of,   nxed   at  springings, 

135 
▼iotorian  Bailways,  gauge  of,  245  ;  cost 

of,  265 

Tietoria    Tnbnlar    Bridge,    Montreal, 

plate-iron  flanges  adopted  for  tul>es  of, 

159,    161 ;    weight  of  largo  simn  of, 

163  ;  pin-connected  girders  substituted 


for  tubes  in  rebuilding  for  widening, 

163 

Yisp-Zezmatt  Bailway,  worked  by  ad- 
hesion and  rack,  284 ;  gauge  of,  284  ; 
total  length  of,  and  length  laid  with 
double  Abt  rack,  285  ;  worst  gradients 
and  curves  on  rack  and  ordinary  por- 
tions of,  285  ;  cost  of,  285  ;  weight  of 
locomotives  and  of  train  drawn  by 
them  up,  385 

Yitinan-Bigi  Bailway,  description  of 
line,  ladder-rack,  locomotives,  and 
working  of,  275-276 ;  provisions  for 
safety  of  trains  in  descending,  275- 
276 ;  cost  of,  276 ;  train-load  carried 
up,  277 

Volga  Biyer,  area  of  basin  of,  325  ; 
rapid  advance  of  delta  of,  in  shallow 
Caspian  Sea,  362  ;  moderate  deepening 
of,  at  one  outlet  by  dredging,  363 ; 
connected  with  Neva  through  Marie 
Canal,  386 

Vymwy  Aqueduct,  533,  535  ;  formed 
by  pipes  and  tunnels,  531  ;  longitudinal 
section  of,  from  Vymwy  reservoir  to 
LiverjKK)!,  533 ;  length  and  descrip- 
tion of,  535  ;  divided  into  sections  by 
balancing  reservoirs,  535  ;  height  and 
size  of  balancing  reservoir  for,  on 
Norton  Tower,  535  ;  maximum  head 
of  water  borne  by,  535  ;  arrangement 
for  closure  of,  on  the  bursting  of  a  pipe, 
535  *  water  conveyed  by,  passed  through 
filter  beds,  537 

Vymwy  Beservoir  Bam,  527  ;  maximum 
height  of,  and  depth  of  water  retained 
by,  526  ;  cross  section  of,  527  ;  surface 
area  and  storage  capacity  of  reservoir 
formed  by,  527  ;  waste  weir  formed 
under  arches  of  roadway  across  top  of, 
527,  528  ;  erosion  at  foot  of,  by  fall  of 
overflowing  water  prevented  by  curvetl 
face,  527,  528  ;  outlet  from  reservoir 
formed  at  side  of  valley  away  from, 
529 ;  comj>ensation  water  dischargccl 
through,  529 
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Warren  Girder,  form  of,  156  ;  stresses 
on  flanges  and  lattice  bars  of,  156-157 

Washington  Bridge,  central  pier  of,  in 
Harlem  River  founded  by  compressed 
air  on  sloping  rock,  76-77  ;  dimension» 
of  arches  of,  131  ;  arches  of,  supjwrted 
on  steel  pins,  135 

Waste  of  water,  intermittent  supply  for 
preventing,  541  ;  prevention  of,  with 
constant    supply,    541  ;     methoils    (»f 
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detecting,  541  ;  economy  effected  by 
prevcntinc;,  541-542 

Wkita  WeiM,  object  of,  528 ;  formed 
beyond  end  of  earthen  dams,  528 ; 
provision  against  scour  from  fall  of 
water  oyer,  528  ;  on  crest  of  dam  at 
Vymwy  reservoir,  528  ;  on  crest  of 
special  masonry  dam  with  stepped  face 
downfitream  at  Croton  reservoir,  528 

Wator-Jet,  description  of  use  of,  in  aid 
of   pile-driving,    57  ;    advantages    of, 

57-58 
Wator-Meten,  fairness  of  measurement 

by,   542  ;  objections  to  measurement 

of   consumption    by,    and    means    of 

obviating  them,   542 ;    established  in 

Berlin,   542  ;  description  of  positive, 

542  ;  description  of  inferential,  542  ; 

relative  merits  of  the  two  forms  of, 

542 
Water-Supply,  511-543  ;  importance  of 

adequate  and  pure,  511  ;  sources  of, 

511-512;     from    tanks,    512;     from 

springs,    512-513;    from  wells,    513- 

515  ;   from  rivers  and  streams,  515- 

516  ;  from  lakes,  516;  storage  of,  in 
lakes,  517,  in  reservoirs,  518-520; 
reservoir  dams  for  storing  up,  520-521  ; 
earthen  dams  for  imjjounding,  521- 
523  ;  masonry  dams  for  impounding, 
523-527  ;  outlet  culverts  from  reservoirs 
for,  528-529  ;  aqueducts  for  convey- 
ance of  water  from  reservoirs  for,  530- 
535  ;  service  reservoirs  for,  535-536 ; 
impurities  in  water  for,  536-537  ; 
separating  weirs  and  settling  reservoirs 
for  purifying,  537  ;  filtration  of  water 
for,  537-53^  ;  purification  of,  by  iron, 
538-539 ;  softening  hard  water  for, 
539-540  ;  distribution  of,  540  ;  daily, 
per  head  of  jwpulation,  540-541  ;  in- 
termittent and  constant,  541  ;  methods 
of  detecting  and  preventing  waste  of, 
541-542  ;  meters  for  measuring,  542  ; 
duplicate  system  of,  for  domestic  and 
other  purposes,  541-542 

Waves,  size  of,  due  to  continued  action 
of  wintl,  469-470 ;  nature  of  undula- 
tions of,  470 ;  transmission  of  force  of 
undulations  of,  to  obstacles  or  breaking, 
470  ;  cause  of  breaking  of,  470  ;  causes 
of  height  and  length  of,  470  ;  size  of, 
observed  in  Pacific,  470  ;  blows  against 
breakwaters  (lei)endenl  on  size  of,  470  ; 
recoil  of,  from  upright-wall  break- 
waters, reduced  by  omission  of  parapet, 
487 ;  run  upwards  of,  facilitated  by 
curvetl  batter  of  lighthouses,  491  ; 
broken  by  cylindrical  base  at  Eddy- 
stone  and   Bishop   Rock   lighthouses. 


491  ;  rise  of,  up  sea  walls  promoted  by 
curved  batter,  508  ;  recoil  of,  checked 
by  vertical  face,  508 ;  rise  and  recoil 
of,  broken  by  stepped  face,  508 

Wear  Biver,  outlet  channel  of,  across 
beach  guided  by  jetties,  377  ;  outlet  of, 
protected  from  drift  by  breakwaten, 
and  outlet  channel  dredged  under  their 
shelter,  377,  378  ;  access  to,  improved 
by  breakwaters,  449  ;  width  of  entrance 
to  harbour  sheltering  mouth  of,  476 

Weaver  Kayigation,  increased  deiith  of, 
and  tonnage  of  vessels  navieatingi 
386  ;  arrangements  and  dimensions  of 
locks  on,  390;  connected  with  Trent 
and  Mersey  Canal  by  Anderton  lift, 
396 

Web-Plate,  function  of,  154,  155  ;  ad- 
vantages of,  for  smaJl  girders,  and 
defects  of,  157  ;  double,  in  tubular 
girders,  159  ;  superiority  of  lattice  bars 
over,  for  large  bridges,  161 

Weire,  342-357;  object  of,  in  canaliia- 
tion  of  rivers,  338,  339  ;  three  classes 
of,  defined,  342 ;  materials  used  for 
solid,  and  advantages  of  solid,  342 ; 
objections  to  solid,  343 ;  forms  of 
soUd,  343-344  ;  modified  form  of 
solid,  on  river  Lot,  343,  344 ;  object 
and  descriptions  of  draw-door,  344- 
346  ;  object,  types,  and  descriptions  of 
different  forms  of  movable,  346-357 ; 
diversion,  for  supply  of  irrigation 
canals,  430,  431  ;  solid,  across  Sone 
with  hinged  shutters  on  crest,  at  head 
of  Sone  Canals,  432, 433  ;  diversion,  of 
cribwork  and  of  masonry  in  United 
States,  432-433  ;  solid,  across  head> 
of  Godaveri  and  Mahanadi  deltas 
434  ;  description  and  repair  of,  aaoss 
head  of  Nile  delta,  434-435.  Sec 
Drau*^oor  Weirs  and  Movable  Wars 

Welland  Canal,  connecting  Lakes  Erie 
and  Ontario  so  as  to  avoid  Niagara 
Falls  and  rapids,  385  ;  difference  of 
level  surmounted  by,  391  ;  number  of 
locks  on,  and  their  average  lift,  391 

Well-Foundatioiui,  64-67  ;  in  India  and 
at  Glasgow,  64  ;  methods  of  sinking, 
64-65  ;  grabs  used  for  sinking,  64, 65 ; 
advantages  and  difficulties  of,  66  ;  for 
river  quays  and  bridge  piers,  64-651 
67,  44 z  ;  for  Bellot  dock  walls  at 
Havre,  65,  452,  453  ;  for  St.  Xazaire 
and  Bordeaux  dock  walb,  65,  452 

Weill,  513-515  ;  water  drawn  from,  for 
irrigation,  419 ;  used  for  summer  irri- 
gation of  higher  lands  in  Upper  Egypt 
427  ;  water-supply  drawn  irom,  sunk 
into  permeable  strata,  513  ;  moderate 
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ies  drawn  from  shallow,  and 
tions,  514  ;  purer  supply  obtained 
deep,  514;  construction  of,  514  ; 
trata  from  which  supplies  may  be  ■ 
led  by  deep,  514;  instances  of 
{  supplied  from  deep,  514 ;  un- 
nty  as  to  volume  of  water  obtain- 
faj  sinking  deep,  ^14 ;  supply 
limited  within  definite  area,  514- 

cause  of  flow  of  water  from 
an,  515  ;  instance  of  deep  ar te- 
at GreMlle,  515  ;  mineral  salts  in 
[on  in  water  from,  515  ;  hardness 
ter  from,  sunk  in  chalk  or  other 
tone  formations,  515,  539 
rnpAlp  Bailway,  laid  with  ladder- 

276 ;   length,   rise,    and    worst  ; 
ents  and  cur>'es  on,  276 ;  gauge 
leepers  of,  276  ;  cost  of,  277 
U^er,  376  ;  description  of  regula- 

off  374-375 ;  enlargement  of 
ated  and  trained  channel  of,  sea- 
5»  375»  377»  381 ;  plan  and  longi- 
al  section  of,  376 ;  training  wall 
ieepening  channel  of,  through 
ry,  aided  by  regulation  works  and 
;i°Sf  37^»  379  J  construction  of 
ng  wall  in  estuary  of,  379 
LutnlUa  Bftilways,  gauge  of,   1 

cost  of,  265  ;  low  cost  of,  owing 
rrow  gauge  adopted,  265 
4me,  used  for  paving  and  metalling 
if  12,  84 ;  small  absorptivity  of, 

fremire,  allowance  for,  on 
;es,  28 ;  on  roofs,  28 ;  form  of 
ng  load,  12 1- 122  ;  provisions 
st,  on  Forth  and  Sukkur  bridges, 

175,  181  ;  amount  of,  on  Forth 
je,  181 

size  of  waves  dependent  on  con- 
d  action  of,  469-470 ;  data  cori- 
ng, in  locality,  required  for 
ning  harbour  works,  470  ;  regular 
ds  of  monsoons,  470  ;  periods  of 
g,  and  calmest  weather  on  coasts 
irope,  470 
Paying,  89-91  ;  with  planks,  and 

cylindrical  blocks  in  North 
rica,  86  ;  with  rectangular  blocks, 
J9  ;  concrete  foundation  for,  89  ; 
nsioDs  and  laying  of  blocks  for, 
joints  of  blocks  fi)r,  89-90  ;  dura- 
jf,  90  ;  cost  of,  90 ;  advantages  of 

woods  for,    90-91  ;    merits  and 
ts  of,  91  ;  conditions  suitable  for, 
examples  of  adojHion  of,  95  ;  for 
nray  tracks,  305 
Bleepen,  247-249  ;  advantages  of, 

description  of  longitudinal,  with 


bridge  rails,  247-248 ;  advantages, 
sizes,  and  distance  apart  of  cross,  248  ; 
life  of,  248-249 ;  on  Vitznau-Rigi 
Railway,  275,  276 ;  on  St.  Ellero- 
Saltino  Railway,  279 

Worki,  31-35  ;  carrying  out  of,  by  con- 
tract or  executive  engineer,  31-32 ; 
specification  and  contract  drawings 
indicating  nature  of,  32  ;  tenders  for 
carrying  out,  by  contract,  32  ;  lump- 
sum contract  for,  33  ;  arrangements 
for  progress  and  ins|)ection  of,  33-34  ; 
provisions  for  payment  for,  34  ;  con- 
ditions for  completion  of,  34-35  ;  im- 
portance of  insi>ection  and  supervision 
for  the  nroixT  execution  of,  35 

Wrought  iron,  24,  25  ;  manufacture  and 
composition  of,  24  ;  early  use  of,  con- 
fined to  suspensiim  bridges  and  rails, 
24,  25  ;  intnxluction  of,  for  girder 
bridges,  25,  159  ;  use  of,  for  arche<l 
bridges,  25,  130,  131  ;  superiority  of, 
over  cast  iron,  25,  122  ;  supersetle<l  by 
steel  for  large  bridges  and  tails,  26  ; 
130-131,  162,  253  ;  safe  stresses  on 
structures  of,  28 


Tare  River,  outlet  »)f,  diverteil  l)y  drift 
and  fixed  by  jettii.'^,  359,  360;  outlet 
channel  of,  deepened  by  Ncour  between 
jetties,  350-360  :  plan  of  outlet  channel 
of,  360^ 

Yellow  Biver.  Ijed  of,  rai'^ed  owing  to 
embanking  the  channel,  332  ;  embank- 
ments along,  gradually  raised  and 
^periodically  breache<l  by  flootN  of,  332 

Yenesei  Biver,  connected  with  Kiver  ( )bi 
by  short  canal,  3S5  ;  long  waterwav 
o^xjned    out    l>y   connection    of,    with 

Obi,  385 

Y  Lake,  embankment  across,  for  shutting 
offZuiderZee  from  Amsterdam  Canal, 
67,  408;  reclaimed  bv  Amsterdam 
Canal  embankments,  40S,  415  ;  ilrain- 
age  of,  provided  for  by  i)Uinping,  415 

Ymuiden  Harbour,  at  North  Sea  en- 
trance to  Amsterdam  Canal,  40S ; 
sheltering  dredgetl  entrance  channel, 
415  ;  constructed  on  o|X'n  sandy  coast, 
469  ;  description  of,  473  ;  progressitm 
of  forseshore  i»n  l>oth  sides  of,  473 ; 
breakwaters  of,  protected  by  wave- 
breakers  of  blocks,  482 
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32       Scientific  Works  published  by  Longmans^  Green^  &*  Co. 


PHYSIOLOGY,  BIOLOGY,  ZOOLOGY,  ETC. 

(And  see  MEDICINE  AND  SURGERY,  page  25.) 
ANNANDALE  and  ROBINSON,  — YASQICVIA    MALAY- 

ENSES :  Anthropological  and  Zoological  Results  of  an  Expedition  to  Pcrak 
and  the  Siamese  Malay  States,  1901-2.  Undertaken  by  Nelson  Annandale 
and  Herbert  C.  Robinson,  under  the  auspices  of  the  University  of  Edinbargfa 
and  University  College,  Liverpool.  With  17  Plates  and  15  Illustrations  in  the 
text.     Part  I.     4to.,  155.  net, 

^5^^  K— NOTES  ON  PHYSIOLOGY   FOR  THE   USE  OF 

STUDENTS  PREPARING  FOR  EXAMINATION.  By  Henry  Ashbt, 
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